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APPEAL BRIEF 

Mail Stop Appeal Brief-Patents 

Commissioner for Patents 
P.O. Box 1450 

Alexandria, Virginia 22313-1450 
Dear Sir: 

Pursuant to 37 CFR § 41.37, appellants hereby file their appeal brief along with a 
petition for a three-month extension of time. The U.S. Patent and Trademark Office is hereby 
authorized to charge Deposit Account No. 14-1138 for the appeal brief filing fee of $5 10.00, 
required by 37 CFR § 41.20(b)(2), and the extension of time fee of $1050.00, required by 37 
CFR § 1.17(a)(3). Any deficiency/overage can be charged/credited to the same account. 



I. REAL PARTY IN INTEREST 

Cornell Research Foundation, Inc., as assignee of U.S. Patent Application Serial 
No. 09/766,348 (referred to herein as "the '348 Application"), is the real party in interest. 



II. RELATED APPEALS AND INTERFERENCES 

There are no related appeals or interferences pertaining to the above -identified 

application. 
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III. STATUS OF CLAIMS 

A. Claims 41, 49-51, 53, 58-61, 69-71, 73, 75-77, 80, 82, and 84 Are 
Finally Rejected 

Claims 41, 49-51, 53, 58-61, 69-71, 73, 75-77, 80, 82, and 84 have been rejected 
under 35 U.S.C. § 1 12 (1st para.) for failure to comply with the written description requirement. 

Claims 41, 49-51, 53, 58-61, 69-71, 73, 75-77, 80, 82, and 84 have been rejected 
under 35 U.S.C. § 1 12 (1st para.) for failure to comply with the enablement requirement. 

B. Claims 1-40, 42-48, 52, 54-57, 62-68, 72, 74, 78, 79, 81, 83, and 85 Have 
Been Canceled 

Claims 1-40, 42-48, 52, 54-57, 62-68, 72, 74, 78, 79, 81, 83, and 85 have been 

canceled. 

C. No Claims Stand Allowed 

No claims stand allowed. 



D. Claims 41, 49-51, 53, 58-61, 69-71, 73, 75-77, 80, 82, and 84 Are On 
Appeal 

The decision of the examiner finally rejecting claims 41, 49-51, 53, 58-61, 69-71, 
73, 75-77, 80, 82, and 84 is appealed. These claims, in their currently pending form, are set forth 
in the attached Claims Appendix. 



IV. STATUS OF AMENDMENTS 

There are no amendments pending. 



V. SUMMARY OF CLAIMED SUBJECT MATTER 

This application contains three independent claims — claims 41,61, and 75. 

Claim 41 is directed to a method of imparting pathogen resistance to plants by 
providing a transgenic plant seed transformed with a transgene containing a DNA molecule 
encoding a hypersensitive response elicitor polypeptide or protein (page 11, line 31 to page 12, 
line 5, and page 13, lines 1-4 of the '348 Application). The method also involves planting the 
transgenic plant seed in soil (page 12, lines 2-3, and page 13, lines 4-5 of the '348 Application) 
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and propagating a plant from the planted seed (page 12, lines 3-5, and page 13, lines 5-7 of the 
'348 Application). In accordance with this method, expression of the hypersensitive response 
elicitor polypeptide or protein by the plant imparts systemic pathogen resistance to the plant 
(page 12, lines 3-5 and 12 of the '348 Application). The encoded hypersensitive response 
elicitor polypeptide or protein has an amino acid sequence of SEQ ID NO: 1 (page 16, line 9 to 
page 17, line 25 of the '348 Application), SEQ ID NO:3 (page 18, line 51 to page 20, line 10 of 
the '348 Application), SEQ ID NO:5 (page 21, line 24 to page 22, line 35 of the '348 
Application), or SEQ ID NO:7 (page 23, line 38 to page 24, line 46 of the '348 Application). 
The transgene also contains a promoter that is not pathogen-inducible (page 36, lines 17-21 of 
the '348 Application). The promoter is operatively coupled to the DNA molecule encoding the 
hypersensitive response elicitor polypeptide or protein (page 36, lines 14-21 of the '348 
Application). 

Claim 61 is directed to a method of imparting pathogen resistance to plants by 
transforming a plant with a transgene containing a DNA molecule encoding a hypersensitive 
response elicitor polypeptide or protein (page 11, line 31 to page 12, line 5, page 13, lines 1-4, 
page 33, line 31, and page 36, lines 9-30 of the '348 Application). The transforming of the plant 
provides for expression of the hypersensitive response elicitor polypeptide or protein that imparts 
systemic pathogen resistance to the plant (page 12, lines 3-5 and 12, page 33, line 31, and page 
36, lines 9-30 of the '348 Application). The encoded hypersensitive response elicitor 
polypeptide or protein has an amino acid sequence of SEQ ID NO:l (page 16, line 9 to page 17, 
line 25 of the '348 Application), SEQ ID NO:3 (page 18, line 51 to page 20, line 10 of the '348 
Application), SEQ ID NO:5 (page 21, line 24 to page 22, line 35 of the '348 Application), or 
SEQ ID NO:7 (page 23, line 38 to page 24, line 46 of the '348 Application). The transgene also 
contains a promoter that is not pathogen-inducible (page 36, lines 17-21 of the '348 Application). 
The promoter is operatively coupled to the DNA molecule encoding the hypersensitive response 
elicitor polypeptide or protein (page 36, lines 14-21 of the '348 Application). 

Claim 75 is directed to a transgenic plant produced by a process which involves 
transforming a plant with a transgene containing a DNA molecule encoding a hypersensitive 
response elicitor polypeptide or protein (page 11, line 31 to page 12, line 5, page 13, lines 1-4, 
page 33, line 31, and page 36, lines 9-30 of the '348 Application). The transforming of the plant 
provides for expression of the hypersensitive response elicitor polypeptide or protein that imparts 
systemic pathogen resistance to the plant (page 12, lines 3-5 and 12, page 33, line 31, and page 
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36, lines 9-30 of the '348 Application). The encoded hypersensitive response elicitor 
polypeptide or protein has an amino acid sequence of SEQ ID NO:l (page 16, line 9 to page 17, 
line 25 of the '348 Application), SEQ ID NO:3 (page 18, line 51 to page 20, line 10 of the '348 
Application), SEQ ID NO:5 (page 21, line 24 to page 22, line 35 of the '348 Application), or 
SEQ ID NO:7 (page 23, line 38 to page 24, line 46 of the '348 Application). The transgene also 
contains a promoter that is not pathogen-inducible (page 36, lines 17-21 of the '348 Application). 
The promoter is operatively coupled to the DNA molecule encoding the hypersensitive response 
elicitor polypeptide or protein (page 36, lines 14-21 of the '348 Application). 

VI. GROUNDS OF REJECTION TO BE REVIEWED 

Whether claims 41, 49-51, 53, 58-61, 69-71, 73, 75-77, 80, 82, and 84 are 
properly rejected under 35 U.S.C. § 1 12 (1st para.) for failure to satisfy the written description 
requirement, where the present application clearly teaches the use of non-inducible promoters 
(including constitutive promoters). 

Whether claims 41, 49-51, 53, 58-61, 69-71, 73, 75-77, 80, 82, and 84 are 
properly rejected under 35 U.S.C. § 1 12 (1st para.) for failure to satisfy the enablement 
requirement, where the present application clearly enables the use of non-inducible promoters 
(including constitutive promoters). 

VII. ARGUMENT 

A. Applicable Law— 35 U.S.C. § 112 (1st paragraph) 

Under 35 U.S.C. § 1 12 (1st para.), the specification shall contain a written 
description of the invention ... in such full, clear, concise, and exact terms as to enable any 
person skilled in the art to which it pertains ... to make and use the same .... 

The "written description" requirement under 35 U.S.C. § 1 12 (1st para.) has been 
held to be distinct from the "enablement" requirement of this same section. See Vas-Cath v. 
Mahurkar, 935 F.2d 1555, 1563, 19 USPQ2d 1111, 1117 (Fed. Cir. 1991). The purpose of the 
"written description" requirement is to ensure that the inventor had possession of the invention 
claimed at the time the application was filed. Id. To achieve this, the application must in some 
manner describe the invention with all its claimed limitations. See Lockwood v. American 
Airlines, Inc., 107 F.3d 1565, 1572, 41 USPQ2d 1961, 1966 (Fed. Cir. 1997); In re Wertheim, 
541 F.2d 257, 262, 191 USPQ 90, 96 (CCPA 1979). If new matter is added to the claims, the 
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claims may be subject to rejection under the written description requirement of 35 U.S.C. § 1 12 
(1st para.). In re Rasmus sen, 650 F.2d 1212, 211 USPQ 323 (CCPA 1981). 

Determining whether the description requirement is met must be done on a case- 
by-case basis and is a question of fact. In re Wertheim, 541 F.2d at 262, 191 USPQ at 96 (CCPA 
1976). The description, as filed, is presumed to be adequate, unless or until sufficient evidence 
or reasoning to the contrary has been presented by the examiner to rebut the presumption. In re 
Marzocchi, 439 F.2d 220, 224, 169 USPQ 367, 370 (CCPA 1971). In instances in which an 
explicit limitation in a claim "is not present in the written description whose benefit is sought[,] 
it must be shown that a person of ordinary skill would have understood, at the time the patent 
application was filed, that the description requires that limitation." Hyatt v. Boone, 146 F.3d 
1348, 1353,47 USPQ2d 1128, 1131 (Fed. Cir. 1998)). 

To satisfy the enablement requirement of 35 U.S.C. § 1 12 (1st para.), the 
applicant must provide sufficient information about the claimed invention that a person of 
ordinary skill in the field of the invention can make and use it without undue experimentation. In 
re Hogan, 559 F.2d 595, 605, 194 USPQ 527, 536 (CCPA 1977). The amount of skill required 
to produce the claimed results cannot be unduly extensive, considering the level of 
unpredictability in the technology. In re Fisher, All F.2d 833, 839, 166 USPQ 18, 24 (CCPA 
1970). 

B. The Rejection of Claims 41, 49-51, 53, 58-61, 69-71, 73, 75-77, 80, 82, 
and 84 Under 35 U.S.C. § 112 (1st para.) for Failure to Satisfy the 
Written Description Requirement Is Improper 

The examiner has taken the position that neither the specification nor the 
originally filed claims provide support for the phrase "promoter that is not pathogen-inducible" 
(as recited in pending claims 41,61, and 75). For the reasons set forth below, this rejection is 
improper. More than sufficient written descriptive support exists in the present application for 
the recited claim language at issue. 

The present application generally describes recombinant DNA procedures and 
materials that can be used to express a particular hypersensitive response elicitor in various types 
of host cells, including plant cells. This description appears at page 29, line 31 to page 33, line 
32. The preparation of transgenic plant seeds is also described at page 36, line 6 to page 37, line 
12. Specifically, the following passage appears in the present application at page 36, lines 17-21 : 
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As is conventional in the art, such transgenic plants would contain 
suitable vectors with various promoters including pathogen- 
induced promoters, and other components needed for 
transformation, transcription, and, possibly, translation. 

(emphasis added). The clear meaning of this language is that "various promoters" can be used to 
make the claimed transgenic plants and practice the claimed methods. 

One type of promoter that falls within the class of "various promoters" is said to 
be "pathogen-induced promoters." However, the above passage clearly does not limit the 
"various promoters" to such "pathogen-induced promoters;" pathogen-induced promoters are 
one example of suitable promoters. In the universe of "various promoters" where "pathogen- 
induced promoters" are an example, the rest of that universe of "various promoters" must, as a 
simple matter of logic, be the claimed non-pathogen-inducible promoters. This is entirely 
consistent with the knowledge that those skilled in the art of transgenic plants would have 
possessed at the time the present invention was made. 

At the time the present invention was made, one of ordinary skill in the art was 
well aware of the use of constitutive and other non-inducible promoters for transforming plants. 
See Koncz et al, "The Opine Synthase Genes Carried by Ti Plasmids Contain All Signals 
Necessary for Expression in Plants," EMBO J. 2(9): 1597-1603 (1983) (referred to herein as 
"Koncz") (attached hereto as Exhibit 1); U.S. Patent No. 5,034,322 to Rogers et al. (referred to 
herein as "Rogers '322") (attached hereto as Exhibit 2); and U.S. Patent No. 5,352,605 to Fraley 
et al. (referred to herein as "Fraley '605") (attached hereto as Exhibit 3). Thus, the phrase 
"various promoters" in the specification would have been understood by those skilled in the art 
to encompass, besides pathogen-induced promoters, promoters that are not pathogen-inducible 
(e.g., constitutive promoters). 

Koncz was published over 17 years before the filing of the present application, 
and identifies the nopaline synthase ("NOS") promoter from Agrobacterium tumefaciens . As 
described in more detail below, at the time the present invention was made it was well known 
that the NOS promoter had been used successfully to transform plant cells with chimeric genes. 
It is well known in the art that the NOS promoter is not a pathogen-induced promoter, but rather 
is a constitutive promoter. Thus, the NOS promoter qualifies as a promoter that is not 
pathogen-inducible. 

Rogers '322 issued as a U.S. patent on July 23, 1991, nearly 10 years before the 
filing of the present application. Rogers '322 describes chimeric genes that are capable of being 
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expressed in plant cells (col. 7, lines 18-20). These chimeric genes are said to have been used to 
create antibiotic-resistant plant cells and as being useful for creating herbicide-resistant plants 
and plants that contain mammalian polypeptides (Abstract; col. 7, lines 59-64; col. 9, lines 22- 
25). In a preferred embodiment, the chimeric genes are described as including the NOS 
promoter from Agrobacterium tumefaciens (col. 7, lines 21-29; col. 9, lines 16-17). Rogers '322 
also states that "[o]ther suitable promoter regions may be derived from genes which exist 
naturally in plant cells" (col. 7, lines 29-31). For example, in other preferred embodiments, 
Rogers '322 teaches making chimeric genes using a promoter region taken from a gene which 
naturally exists in soybean (i.e., the gene in soybean that codes for the small subunit of ribulose- 
1,5-bis-phosphate carboxylase) (col. 16, line 48 to col. 18, line 43). 

Fraley '605 issued as a U.S. patent on October 4, 1994, over six years before the 
filing of the present application. Fraley '605 describes chimeric genes for transforming plant 
cells using viral promoters (col. 3, lines 21-23). In a particular embodiment, Fraley '605 
describes using the 35S promoter or the 19S promoter from cauliflower mosaic virus ("CaMV") 
to make chimeric genes that have been proven to be expressed in plant cells (col. 3, lines 26-37; 
col 4, line 1 to col. 8, line 62). It is well known in the art that the 35S and 19S promoters are not 
pathogen-induced promoters, but rather are constitutive promoters. Thus, the 35S and 19S 
promoters qualify as promoters that are not pathogen-inducible. Fraley '605 also described using 
the NOS promoter for constructing chimeric genes for transforming plants (col. 8, line 66 to col. 
13, line 51). 

Thus, Koncz, Rogers '322, and Fraley '605 constitute strong evidence that non- 
pathogen-inducible promoters were well known in the art, and known to be useful in preparing 
transgenic plants or plant tissues. Because these non-pathogen-inducible promoters were well 
known in the art, and because of the description provided in the present application, the present 
application clearly intended to cover not just the use of pathogen-inducible promoters, but also 
various other types of promoters including non-pathogen-inducible promoters. 

In making the final rejection, the examiner states that above-quoted page 36, lines 
17-21 of the present application shows that "at the time of filing, the only promoters 
contemplated were pathogen-induced promoters or promoters in general, which included 
pathogen-induced ones" (page 3 of the Final Office Action, mailed February 26, 2007). 
Appellants submit that this does not comport with what one of ordinary skill in the art would 
understand from reading the specification and is an unduly narrow view of the above-quoted 
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passage. As noted above, the specification teaches making transgenic plants from a genus of 
"various promoters," with one example being pathogen-induced promoters. Given the 
knowledge in the art that non-pathogen-inducible promoters are useful in transgenic plants, one 
of ordinary skill in the art would not simply construe the specification as only teaching the use of 
pathogen-inducible promoters or promoters generally. Having taught that pathogen-induced 
promoters are just an example of suitable "various promoters," the other promoters which would 
constitute suitable various promoters would have to be the well known non-pathogen-inducible 
promoters. 

The examiner's position in the Final Office Action, mailed February 26, 2007, 
that the specification's recitation of "various promoters including pathogen-induced promoters" 
does not provide support for promoters other than pathogen-inducible promoters (pages 2-3 of 
the Final Office Action, mailed the February 26, 2007) is even further off-target. Apparently, in 
the examiner's view, the specification teaches only using pathogen-inducible promoters to 
transform plants with the hypersensitive response elicitors of the present application {Id.). In 
particular, the examiner asserts that, "[a]t the time of filing, the only promoters contemplated 
were pathogen-induced promoters or promoters in general, which included pathogen-induced 
ones" {Id.). Appellants completely disagree for all of the reasons noted above. Nowhere does 
the specification limit the claimed promoter to only a pathogen-inducible promoter. 

For the foregoing reasons, it is submitted that appellants were in possession of the 
claimed invention at the time they filed the present application. Therefore, the rejection of 
claims 41, 49-51, 53, 58-61, 69-71, 73, 75-77, 80, 82, and 84 under 35 U.S.C. § 112 (1st para.) 
for failure to satisfy the written description requirement is improper and should be withdrawn. 

C. The Rejection of Claims 41, 49-51, 53, 58-61, 69-71, 73, 75-77, 80, 82, 
and 84 Under 35 U.S.C. § 112 (1st para.) for Failure to Satisfy the 
Enablement Requirement Is Improper 

The enablement requirement of 35 U.S.C. § 1 12 (1st para.) has been interpreted to 
require that the claimed invention be enabled so that any person skilled in the art can make and 
use the invention without undue experimentation. See In re Wands, 858 F.2d 731, 737, 8 
USPQ2d 1400, 1404 (Fed. Cir. 1988). The disclosure need not teach, and preferably omits, what 
is well known in the art. See In re Buchner, 929 F.2d 660, 661, 18 USPQ2d 1331, 1332 (Fed. 
Cir. 1991). 
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The examiner has taken the position that the application does not enable using a 
non-pathogen-inducible promoter for transgenic expression of HR elicitors in plants (Final 
Office Action, mailed February 26, 2007, page 5). The examiner's rationale is that, at the time 
of filing, constitutive expression of HR elicitors in plants was considered lethal. To support this 
view, the examiner cites the following references: (i) U.S. Patent No. 5,850,015 to Bauer et al. 
(referred to herein as "Bauer") (attached hereto as Exhibit 4); (ii) U.S. Patent No. 6,174,717 to 
Beer et al. (referred to herein as "Beer") (attached hereto as Exhibit 5); and (iii) Tampakaki et al, 
"Elicitation of Hypersensitive Cell Death by Extracellularly Targeted HrpZ Psp h Produced In 
Planta," Molecular Plant-Microbe Interactions 13:1366-1374 (2000) (referred to herein as 
"Tampakaki") (attached hereto as Exhibit 6). In view of these references, the examiner has 
alleged that, until the year 2000 (the publication date of Tampakaki), the prevalent view in the art 
was that constitutive expression of HR elicitors was lethal to the plants. Appellants respectfully 
disagree. 

With respect to Bauer and Beer, appellants assert that these references do not 
accurately represent the state of the art at the time of filing of the present application. Bauer was 
originally filed on June 7, 1995, as U.S. Patent Application Serial No. 08/484,358. Beer is a 
patent whose original disclosure was filed on July 1, 1992, as U.S. Patent Application Serial No. 
07/907,935, now abandoned. Therefore, Bauer and Beer were filed well before the December 3, 
1997, filing date of the present application. Thus, based on their filing dates alone, Bauer and 
Beer cannot be viewed as accurately representing the state of the art at the time of filing the 
present application. 

Compared to the knowledge at the time Bauer and Beer were filed, much more 
information was available regarding the constitutive expression of HR elicitors in plants at the 
time of the filing of the present application. As mentioned previously herein, the use of 
constitutive promoters and other non-pathogen-inducible promoters in transforming plants was 
well known in December 1997. In addition to the teaching contained in the present application, 
this view is supported by the experimental data of record in this case, specifically in the 
Declaration of Zhong-Min Wei Under 37 C.F.R. § 1.132 (dated August 11, 2004) (referred to 
herein as the "Second Wei Declaration") (submitted with the Amendment dated August 13, 
2004) (attached hereto as Exhibit 7). The Second Wei Declaration presents data of the 
transformation of Arabidopsis and tobacco plants with a gene construct containing the hrpN gene 
operatively coupled to the NOS promoter {see Second Wei Declaration 25-30). The Second 
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Wei Declaration states that "[t]he NOS promoter is considered a weak constitutive promoter" 
(Second Wei Declaration ]f 26) (emphasis added). The data shows that the constitutive 
expression of HrpN using the NOS promoter was not lethal to the transgenic plants, and that the 
transgenic plants exhibited pathogen resistance {see Second Wei Declaration 28-30). 

The examiner quotes Tampakaki as stating that it was "expect[ed] that 
endogenously produced harpin may be lethal to the plant (page 1367, left column, paragraph 4) 
(emphasis added). This is far from a definitive statement of the state of the art. Nowhere does 
Tampakaki state that it was the prevalent view or well known in the art that constitutive 
expression of harpin in plants would necessarily result in plant death. Further, nowhere does 
Tampakaki teach or suggest that it was the view that only pathogen-induced promoters could be 
used for transforming plants with harpin genes. Instead, at the time of filing of the present 
application, appellants assert that it would have been reasonable for one of ordinary skill in the 
art to conclude that using a constitutive promoter (such as the NOS promoter) to transgenically 
express HR elicitors in plants would not be lethal to the plants. In fact, the vector used by 
Tampakaki was not a pathogen-induciblc promoter, but rather a chemical-inducible expression 
system (i.e., inducible by tetracycline) (see Tampakaki, at pages 1367, left column, and 1373, 
left column). 

The examiner states that, "[g]iven the state of the art at the time of filing, use of 
non-inducible promoters would need to be taught by the specification" (Final Office Action, 
mailed February 26, 2007, at page 7). Appellants respectfully submit that the use of such 
promoters is indeed taught by the specification at page 36, lines 17-21. However, the examiner 
seems to take the view that, in this case, an adequate teaching would require "working examples 
in which a plant was transformed with a construct comprising a nucleic acid encoding a 
hypersensitive response elicitor (harpin) of SEQ ID NO:l, 3, 5, or 7 and a non-pathogen 
inducible promoter" (Final Office Action, mailed February 26, 2007, at page 7). Appellants 
disagree. 

At the time of filing, the basic techniques and components required to transform a 
plant with a "foreign" gene were well known in the art. This is evidenced by the teachings of 
Koncz, Bauer, Beer, Fraley, and Rogers. The current claims specify the use of a non-pathogen 
inducible promoter. At the time of filing, the skilled artisan would have easily determined the 
types of promoters that would fall into this category of promoters. In other words, such a 
selection would not have required undue experimentation to select a non-pathogen inducible 
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promoter that could be used to transform plants. See Koncz, Fraley, and Rogers. Finally, 
evidence introduced by the Second Wei Declaration confirms that a constitutive promoter, the 
NOS promoter, is effective and non-lethal (see Second Wei Declaration 28-30). 

For these reasons, appellants respectfully submit that the rejection of claims 41- 
47, 49-54, 58-73, 75-77, and 80-85 for lack of enablement is improper and should be withdrawn. 



VIII. CONCLUSION 

In view of the foregoing, it is clear that the rejections of the claims under 35 
U.S.C. § 1 12 (1st para.) cannot be sustained. Accordingly, the rejections should be reversed. 

Respectfully submitted, 



Dated: January 28, 2008 /Edwin V. Merkel/ 

Edwin V. Merkel 

Registration No. 40,087 
Attorney for Appellants 

Nixon Peabody LLP 
Clinton Square, P.O. Box 31051 
Rochester, New York 14603-105 1 
Telephone: (585)263-1128 
Facsimile: (585)263-1600 
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IX. CLAIMS APPENDIX 

41. A method of imparting pathogen resistance to plants, the method 

comprising: 

providing a transgenic plant seed transformed with a transgene comprising a DNA 
molecule encoding a hypersensitive response elicitor polypeptide or protein comprising an amino 
acid sequence of SEQ ID NO:l, SEQ ID NO:3, SEQ ID NO: 5, or SEQ ID NO: 7 and a promoter 
that is not pathogen-inducible, the promoter being operatively coupled to the DNA molecule 
encoding the hypersensitive response elicitor polypeptide or protein; 

planting the transgenic plant seed in soil; and 

propagating a plant from the planted seed, whereby expression of the 
hypersensitive response elicitor polypeptide or protein by the plant imparts systemic pathogen 
resistance to the plant. 

49. The method according to claim 4 1 , wherein the plant is selected from the 
group consisting of dicots and monocots. 

50. The method according to claim 49, wherein the plant is selected from the 
group consisting of rice, wheat, barley, rye, oats, cotton, sunflower, canola, peanut, corn, potato, 
sweet potato, bean, pea, chicory, lettuce, endive, cabbage, cauliflower, broccoli, turnip, radish, 
spinach, onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, 
apple, pear, melon, strawberry, grape, raspberry, pineapple, soybean, tobacco, tomato, sorghum, 
and sugarcane. 
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5 1 . The method according to claim 49, wherein the plant is selected from the 
group consisting of rose, Saintpaulia, petunia, Pelargonium, poinsettia, chrysanthemum, 
carnation, and zinnia. 

53. The method according to claim 41 further comprising: 
applying the hypersensitive response elicitor polypeptide or protein to the plant to 
enhance the plant's pathogen resistance. 

58. A plant produced by the method of claim 4 1 . 

59. A transgenic plant seed from the plant produced by the method of claim 
41, wherein the transgenic plant seed comprises the transgene. 

60. A plant propagule from the plant produced by the method of claim 4 1 . 

61. A method of imparting pathogen resistance to plants, the method 

comprising: 

transforming a plant with a transgene comprising a DNA molecule encoding a 
hypersensitive response elicitor polypeptide or protein comprising an amino acid sequence of 
SEQ ID NO:l, SEQ ID NO:3, SEQ ID NO:5, or SEQ ID NO:7 and a promoter that is not 
pathogen-inducible, the promoter being operatively coupled to the DNA molecule encoding the 
hypersensitive response elicitor polypeptide or protein, whereby said transforming provides for 
expression of the hypersensitive response elicitor polypeptide or protein that imparts systemic 
pathogen resistance to the plant. 
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69. The method according to claim 61, wherein the transgenic plant is selected 
from the group consisting of dicots and monocots. 

70. The method according to claim 69, wherein the plant is selected from the 
group consisting of rice, wheat, barley, rye, oats, cotton, sunflower, canola, peanut, corn, potato, 
sweet potato, bean, pea, chicory, lettuce, endive, cabbage, cauliflower, broccoli, turnip, radish, 
spinach, onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, 
apple, pear, melon, strawberry, grape, raspberry, pineapple, soybean, tobacco, tomato, sorghum, 
and sugarcane. 

71 . The method according to claim 69, wherein the plant is selected from the 
group consisting of rose, Saintpaulia, petunia, Pelargonium, poinsettia, chrysanthemum, 
carnation, and zinnia. 

73. The method according to claim 61, further comprising: 
applying the hypersensitive response elicitor polypeptide or protein to the 
transgenic plant to enhance the plant's pathogen resistance. 

75 . A transgenic plant produced by a process comprising: 
transforming a plant with a transgene comprising a DNA molecule encoding a 
hypersensitive response elicitor polypeptide or protein comprising an amino acid sequence of 
SEQ ID NO:l, SEQ ID NO:3, SEQ ID NO: 5, or SEQ ID NO: 7 and a promoter that is not 
pathogen-inducible, the promoter being operatively coupled to the DNA molecule encoding the 
hypersensitive response elicitor polypeptide or protein, whereby said transforming provides for 
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expression of the hypersensitive response elicitor polypeptide or protein to impart systemic 
pathogen resistance to the transgenic plant. 

76. A transgenic plant seed obtained from the transgenic plant of claim 75, 
wherein the transgenic plant seed comprises the transgene. 

77. A transgenic plant propagule obtained from the transgenic plant of 

claim 75. 

80. The method according to claim 4 1 , wherein the DNA molecule comprises 
a nucleotide sequence of SEQ ID NO:2, SEQ ID NO:4, SEQ ID NO:6, or SEQ ID NO:8. 

82. The method according to claim 61, wherein the DNA molecule comprises 
a nucleotide sequence of SEQ ID NO:2, SEQ ID NO:4, SEQ ID NO:6, or SEQ ID NO:8. 

84. The transgenic plant according to claim 75, wherein the DNA molecule 
comprises a nucleotide sequence of SEQ ID NO:2, SEQ ID NO:4, SEQ ID NO:6, or SEQ ID 
NO:8. 
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The opine synthase genes carried by Ti plasmids contain all signals 
necessary for expression in plants 



C. Koncz 1 ■», H, De Greve 2 , D. Andre 2 , F. Deboeck*, 
M. Van Montagu 2 -** and J. Schell 1 ' 2 ' 4 * 

Wax-Piaisck-Institut fiir ZOchtungsforschung, D-5000 Koln, FRG, 
'Laboratorium vow Genetische Virologie, Vrije Univcrsitcit Brussel, B-1640 
St.-Genesius-Rode, Belgium, 'Institute of Genetics, Biological Research 
Center, Hungarian Academy of Sciences, H-6701 Szeged, PO Box 521, 
Hungary and 4 Laboratoriurn voor Genetica, Rijksuniversiteit Gent, B-9000 
Gent, Belgium 

Communicated by J. Schell 
Received on 20 June 1983 

Signals necessary for in vivo expression of Ti plasmid 
T-DNA-encoded octopine and nopaline synthase genes were 
studied in crown gall tumors by constructing mutated genes 
carrying various lengths of sequences upstream of the 5' in- 
itiation site of their mRNAs. Deletions upstream of position 
-294 did not interfere with expression of the octopine syn- 
thase gene while those extending upstream of position - 170 
greatly reduced the gene expression. The estimated sire of the 
octopine synthase promoter is therefore 295 bp. The maximal 
length of 5' upstream sequences involved in the in vivo ex- 
pression of the nopaline synthase gene is 261 bp. Our results 
also demonstrated that Ti plasmid-derived sequences contain 
all signals essential for expression of opine synthase genes in 
plants. Expression of these genes, therefore, is independent of 
the direct vicinity of the plant DNA sequences and is not ac- 
tivated by formation of plant DNA and T-DNA border junc- 
tion. 

Key words: Agrobacterium tumefaciens/Ti plasmids/opine 
synthase genes/promoter regions 



Introduction 

Crown gall, a neoplastic disease of dicotyledonous plants, 
develops after infection of wounded tissue with Agrobac- 
terium tumefaciens strains carrying large tumor-inducing (Ti) 
plasmids (Zaenen et ai, 1974; Van Larebeke et ai, 1974; 
Watson et ai, 1975). A well-defined segment (T-region) of 
the Ti plasmid is transferred and covalently integrated, 
without rearrangements, in plant nuclear DNA (Chilton et 
at., 1977, 1980; Schell et al., 1979; Thomashow et at,, 1980; 
Lemmers et a!., 1980; Zambryski et al., 1980; Yadav et ai, 
1980; Willmitzer et al. , 1980). The transferred DNA (T-DNA) 
is transcribed (Drummond et at., 1977; Willmitzer et al., 
1981a; Gelvin et al., 1981) by the host RNA polymerase II 
(Willmitzer et al., 1981b). 

Transformed crown gall cells are capable of autonomous 
growth in the absence of exogenous phytohormones (Braun, 
1956). Moreover, these plant tumors synthesize a variety of 
low mol. wt. metabolites (termed opines) which are charac- 
teristic for Ti plasmid-induced tumors (Bomhoff et al. , 1976), 
and can be specifically metabolized by agrobacteria growing 
on the incited tumors (Petit et al., 1970; Petit and Tempe, 
1978; Schell et al. , 1979; Tempe et al., 1980). The Ti plasmids 
are currently classified into three groups according to the type 
of opine they induce in the incited tumors as octopine, 
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nopaline or agropine Ti plasmids (Guyon et al., 1980). 

The T-DNA in octopine tumors consists of two distin- 
guishable segments: TL-DNA and TR-DNA (Thomashow et 
al., 1980; De Beuckeleer et al., 1981). TL-DNA, which is 
essential and sufficient for octopine crown gall formation, 
codes for eight polyadenylated transcripts, each expressed 
from an individual promoter (Gelvin et al., 1982; Willmitzer 
et al. , 1982). One of these transcripts (transcript 3) was shown 
to code directly for the enzyme octopine synthase (Schroder 
et al., 1981). The nucleotide sequence of this gene was 
elucidated and both the 5' and the 3' ends of the transcript 
were precisely identified by SI nuclease mapping (De Greve et 
al., 1982). The 5' end of the transcript coding for octopine 
synthase is located close to the right border of TL-DNA at a 
distance of 350 - 400 bp. This gene is transcribed from right 
to left (WiUmitzer et ai, 1982). 

The T-DNA of nopaline Ti plasmids codes for up to 13 
polyadenylated transcripts (Bevan and Chilton, 1982; Will- 
mitzer et ai, 1983). The region responsible for tumor main- 
tenance is highly homologous between octopine TL-DNA 
and nopaline T-DNA (Engler et al., 1981). Transcripts and 
gene functions determined by this conserved 'core' region are 
common in octopine and nopaline tumors (Joos et ai, 1983; 
Willmitzer et al., 1983). Two different opines were detected in 
nopaline tumors: agrocinopine (Ellis and Murphy, 1981) and 
nopaline (Petit et al., 1970). The nopaline synthase gene has 
been localized by genetic and transcript mapping on Hindlll 
fragment 23 of plasmids pTiC58 and pTiT37 (Holsters et al., 
1980; Hernalsteens et al., 1980; Joos et al., 1983; Willmitzer 
et al., 1983). DNA sequencing of Hindlll fragment 23 localiz- 
ed the nopaline synthase gene (Depicker et al, 1982) and the 
precise position of the right T-DNA borders within Hindlll 
fragment 23 (Zambryski et al., 1982). 

To determine whether all signals essential for the expres- 
sion of the opine synthase genes in vivo are located between 
the 5' initiation site of the opine genes and the junction site 
with plant DNA or whether expression of these genes is ac- 
tivated by plant DNA sequences, we constructed octopine 
and nopaline synthase genes with different lengths of se- 
quences upstream of the 5 ' initiation site and reinserted them 
in the T-DNA of the Ti plasmids. This approach allowed us 
to delimit which sequences are important for the in vivo ex- 
pression of the octopine and nopaline synthase genes, and to 
demonstrate that the plasmid-derived sequences contain all 
signals necessary for expression in plants. 

Results 

Expression of the octopine synthase gene in nopaline tumors 
Construction of intermediate vectors pGV761, pGV762 
and pG V763. The precise number of base pairs in the DNA 
region between the 5 ' initiation site of the octopine synthase 
transcript (De Greve et at., 1982) and the right T-region 
border sequence (Holsters et al., 1983) has been determined 
and was found to be 402 (Figure la). Therefore, sequences 
essential for the expression of octopine synthase must either 
be located in this sequence, or activation of the promoter oc- 
curs by junction of the 5' end of the ocs gene with plant 
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Fig. 1. (A) In the upper part the BamHl fragment 17a and sequences up to the border (white box) are indicated, and the location and transcription polarity 
of the octopine synthase gene. The white bar shows the homology region between Bum\l\ fragment I7a and the nopaline T-DNA, The hatched portion of the 
white bar shows the homology region of 750 bp between plasmids pOV761, pGV762, pGV763 and the nopaline Ti plasmid. In the lower part the position of 
the restriction sites used in this study are indicated with regard to the transcription start of the octopine synthase gene. (B) in the upper part the HindlU 
fragments 23 and 31, and part of the Hindttl fragment 22, are indicated (Depicker et at., 1980). The position and transcription polarity of the nopaiine syn- 
thase gene located in Hindlll fragment 23 and the homology region with BamHl fragment 17a of the octopine Ti plasmid pTtAchS are shown. In the lower 
part the position of the BcH site is indicated with regard to the transcription start of the nopaline synthase gene. 



DNA. 

To test which of these possibilities is valid, intermediate 
vectors containing the octopine synthase gene and different 
lengths of 5 '-flanking sequences (respectively -116 bp, 
- 168 bp and -292 bp from the transcription start; Figure 
la) were constructed and introduced into the nopaline Ti 
plasmid C58. If the first possibility is correct, these construc- 
tions should allow us to delimit the sequences involved in the 
in vivo expression of the octopine synthase gene. The dif- 
ferent steps in the construction of the intermediate vectors are 
outlined in Figure 2. 

Isolation of co-integrated Ti plasmids. As the homology 
region between plasmids pGV761, pGV762 and pGV763 
(Figure 1), and the nopaline Ti plasmid is only 750 bp, we en- 
visaged, to avoid problems of recombination, using the 
homology of 1270 bp between the amp gene located on 
pBR322 and the transposon TnJ, inserted into the T-DNA of 
the nopaline Ti plasmid C58 (Joos et at., 1983; Inze et al., in 
preparation). 

For this purpose, we selected the plasmids pGV3300 and 
pGV3305. In pGV3300 a Tni is inserted in Hindlll fragment 
23 just outside the nopaline synthase gene, while in pGV3305 
the Tn/ insertion is located in the nopaline synthase gene. The 
intermediate vectors pGV761, pGV762 and pGV763 were 
mobilized from Escherichia coli to Agrobacterium strains 
GV3101 (pGV3300) and GV3101 (pGV3305) with the helper 
plasmids R64drdll and pGJ28 (Van Haute et at., 1983). In 
all cases, Km R transconjugants were isolated with a frequency 
of 10 _ «- 10 -T . Several co-integrate plasmids resulting from 
a single cross-over were analyzed by DNA/DNA hybridiza- 
tion to confirm their physical structure (data not shown). 
Recombination always occurred within the homology region 
common to pBR322 and Tn/. 

Properties of the co-integrated plasmids. Sunflower 
hypocotyls and tobacco W38 plants were inoculated with the 
Agrobacterium strains containing these different co- 
integrates. The different primary tumor tissues were subse- 
quently analyzed for octopine synthase activity (Otten and 
Schilperoort, 1978). No octopine synthase activity was 
detected in sunflower and tobacco tumors induced by the 
Agrobacterium strains containing the co-integrated plasmids 
PGV2290 (pGV3300::pGV76I) and pGV229I (pGV3305:: 
pGV76I), Furthermore, in tumors induced by Agrobacterium 
strains containing the co-integrated plasmids pGV2292 



(pGV33O0::pGV762) and pGV2293 (pGV3305::pGV762), 
again no detectable octopine synthase activity could be 
detected. On the contrary, in sunflower and tobacco tumors 
induced with Agrobacterium strains containing the co- 
integrated plasmids pGV2294 (pGV3300::pGV763) and 
pGV2295 (pGV3305::pGV763), octopine synthase activity 
was detected (Figure 3). The level of activity in these tumors 
was equal to that found in tumors induced by the Agrobac- 
terium strain C58C1 containing an octopine Ti plasmid 
(pTiBeSSTra 0 ). 

Expression of the nopaline synthase gene in octopine tumors 
We have studied the expression of the nopaline synthase 
gene by a similar approach. DNA sequence analysis showed 
that the nopaline synthase gene is entirely encoded by the 
Hindlll fragment 23 of pTiC58 (Depicker et al., 1982). Fur- 
thermore, genomic blotting analysis of nopaline tumor tissues 
(Lemmers et al, 1980) showed that this Hindlll-23 fragment 
is a border fragment. Genomic clones isolated from different 
nopaline tumor tissues (Zambryski et al., 1980, 1982; Hol- 
sters et al., 1982) allowed us to detennine the exact end points 
of the T-DNA in crown gall lines. The right T-DNA/plant 
DNA border is located only 305 bp (Figure lb) from the start 
of the nopaline synthase transcript (Depicker et al., 1982). 
Construction and properties of pGV2253 and pGV2254 

Construction of intermediate vectors pG V705 and 
pGV706. To demonstrate that the expression of the nopaline 
synthase gene is independent of the formation of a junction 
to plant DNA sequences, and that all sequences involved in 
the in vivo expression of the nopaline synthase gene are pre- 
sent between the start of the mRNA and the end of the 
T-DNA, we constructed an intermediate vector in which the 
sequences between the Hindlll site and the Bell site (position 
-261; Figure lb) of the Hindlll fragment 23 have been 
deleted and replaced by the Sm R gene of R702. This substitu- 
tion deletes the 22-bp consensus sequence (position -305; 
Figure lb) which is found at the ends of nopaline and oc- 
topine T-regions, and which might play a key role in the in- 
tegration of the T-region into the plant genome (Zambryski et 
al., 1980, 1982; Simpson et al., 1982; Yadav et al., 1982; 
Holsters et al., 1982, 1983). The construction of the inter- 
mediate vector pGV705 is shown in Figure 4. 

pGV705 consists of EcoRl fragment 12 of pTiAchS in 
which the internal HindUl-lfm fragment has been substituted 
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Fig. 2. Construction of intermediate vectors pGV762 and pGV763. The 
Accl-Cial fragment of pKC7 containing the Km gene was ligated to Clal- 
digested pAGV828. After ligation and selection on ApKm plates, recom- 
binants were screened for the orientation of the Km-resistant fragment by 
double digestion with Clal and BamHl. A recombinant plasmid pGV761 
was digested with BamHl and Clal, and ligated to the purified HmdHlX- 
Bamlll fragment of pGV7I7, which contains sequences 5' upstream of the 
BamHl site at - 1 16 in the promoter region of the octopine synthase gene 
(Figure 1; Holsters el al., 1983), digested with either Taql or Hpall. By 
screening recombinant plasmids for the presence of a Hpal site (Figure 1), 
PGV762 and pGV763 were obtained. Abbreviations: A, Accl; B, BamHl; 
C, Clal; H, Mil; Hpl, Hpal, HpII, Hpall; P, Pstl; S, Sad; T, Tool. 

by the Hindlll-BcK fragment of the nopaline Hindlll frag- 
ment 23 joined to the Bam¥Ll-Hindll\ fragment of plasmid 
pR702 containing the Sm R gene. This Hindlll fragment in- 
serted in the other orientation in the EcoRl fragment 12, is 
called pGV706. 

Isolation ofpGV2253 andpGV2254. The intermediate vec- 
tors pGV705 and pGV706 were mobilized from E. coli to 
Agrobacterium strain GV3000 carrying a transfer-constitutive 
pTiB6S3 plasmid with the help of the plasmids RfAdrdl 1 and 
pGJ28 (Van Haute et al. , 1983). Streptomycin-resistant Agro- 
bacterium strains were obtained in both cases with a joint 
transfer and recombination frequency of 10"*. The Sm- 
resistant transconjugants were tested directly for Km sensitivi- 
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Fig. 3. Detection of octopine in tumors induced with Agrobacterium strains 
containing the mutant plasmids. 2 (J of extracts of tumor tissue before 
(tones I, 3, 5) and after Amies 2, 4, 6) I h incubation were spotted onto 
Whatman 3MM paper and subjected to electrophoresis. Loses 1 and 1: ex- 
tracts obtained from tissue infected with Agrobacterium containing 
PGV2295; lanes 3 and 4: extracts obtained from tissue infected with Agro- 
bacterium containing pGV22»4; lanes 5 and 6: extracts obtained from 
tissue infected with Agrobacterium containing pGV2254. 

ty. Three percent of the Sm R transconjugants were Km- 
sensitive and were double recombinants. The structure of two 
plasmids pGV22S3 and pGV2254 was confirmed by DNA- 
DNA hybridization (data not shown). 

Properties of pGV2253 and pGV2254. Agrobacterium 
strain containing either pGV2253 or pGV2254 were used to 
incite tumors on tobacco plants. These tumors synthesize 
nopaline and octopine (Figure 3), but no mannopine or 
agropine could be detected. This observation indicates that 
the deletion substitution of the small Hindlll fragment 36a 
abolishes the synthesis of mannopine and agropine. 

Morover, since the sequences between the end of the 
nopaline T-DNA (position -305) and the Bell site (position 
-261) have been deleted and replaced by the Sm R gene of 
pR702, the 5 '-flanking region of the nopaline synthase gene 
in this construction is separated from TR sequences located to 
the right (in pGV2253) or to the left (in pGV2254), by the 
Sm R insert fragment. Therefore, all the sequences involved in 
the in vivo expression of the nopaline gene must lie within the 
5 '-flanking region between the start of transcription and the 
Bell site (position -261). 

Discussion 

Most of the understanding of the regulatory events con- 
trolling gene expression in higher eukaryotes is derived from 
studies with animal viruses. Several eukaryotic promoters 
have been examined both by DNA sequencing and by in vitro 
and in vivo analysis of mutants. These studies have led to the 
identification of the so-called Goldberg-Hogness or TATA 
box, a signal that is involved in the precise positioning of 5 ' 
RNA ends of genes transcribed by RNA polymerase II 
(Breathnach and Chambon, 1981; Shenk, 1981). Although 
the TATA box seems to be both necessary and sufficient for 
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Fig. 4. Construction of the intermediate vector pGV705. Plasmids pGVftt22 was linearized with Bell and ligated to &™HI-digested pGV33. After transfor- 
mation, recombinants were selected on Ap/Sm plates. One of the recombinants, pGV107, was digested with Hindlll and ligated to WeraflH-digested pHDl 15, 
containing the EeoRl fragment 12 of pTiAch5. After selection on Tc/Sm plates a recombinant, pGV751, was digested with EcoRl and ligated to EcoRl- 
digested pKC7, making it possible to use the mobilizing method described by Van Haute et al. (1983). Indeed, pGV7Sl, a pACYC184 derivative, cannot be 
mobilized by pGJ28 and RfAAtfH. 
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Table I. Bacterial st 



Characteristics 



Strain s 
B. coti 
K5S4 

A. tumefaciens 

GV310! 

GV3I05 

Plasraid s 

pKC7 

pGVOI53 

pGV0201 

PGV0422 

PGV705 

pGV706 



pAGV828 

PGV761 

PGV762 

pGV763 

PGV33 

pHDHS 

R702 

R64drdll 

pGJ28 

pGV310O 
pGV3300 
PGV330S 
pTiB6S3Tra c 



Ap 

Ap Sm/Sp Su 
Tc 

Km Sm/Sp Tc Su Hg 
TcStn 



thr leu thi hsdft 



Rif" derivative of C58, cured for pTiC58 
Ery R Cm! E derivative of CSS, cured for pTiCSS 



HindUl-Bamm of TnJ in pBR322 
Bamm-S of pTiAchS in pBR322 
HindlU-l of pTiAchS in pBR322 
HnwflH-23 of pTiCSS in P BR322 
Hindill fragment containing the nas gene and 
Sm/Sp marker of R702 in £coRl-12 
Hindill fragment containing the nos gene and 
Sm/Sp marker of R702 in £coRI-12, but in 
opposite direction 

Hindm-Bamm fragment of gel rGVl-1 in 
pBR322 

BamHl-Smal of pGV99 in pBR322 

Oal-Accl of pKC7 in pAGV828 
Taql-BamHl of pGV717 in pGV761 
HpaU-BamHl of pGV717 in pGV761 
3.5 kb BamHl fragment of R702 in pBR322 
£coRI-12 fragment of pTiAchS in pACY184 
P-type plasmid 

let-type plasmid, transfer-derepressed derivative 
of R64 

Cda + Ida + ColD replicon carrying CoiEl mob 
and bom 

pTiCSS, derepressed for autotransfer 

pGV3100;:Tn/ 

pGV3!00::Tni 

pTsB6S3, derepressed for autotransfer 



Colson el al. (1965) 

Van Larebeke el al. (1974) 
Holsters el al. (1980) 

Rao and Rodgers (1979) 
De Vos et at. (1981) 
De Vos et al. (1981) 
Depicker et al. (1980) 
This work 

This work 

Holsters et at. (1983) 

Herrera-Esirefla et at. 

(1983) 

This work 

This work 

This work 

J. Leemans 

J. Velten 

Hedges and Jacobs (1974) 
Meynell and Datta (1967) 

Van Haute et al. (1983) 

Holsters el at. (1980) 
Joos et al. (1983) 
D. inze 

Petit el al. (1978) 



accurate initiation of transcription in vitro (Corden et al., 
1980; Wasylyk et al. t 1980), regions further upstream are re- 
quired for efficient in vivo transcription {Grosschedl and 
Bimstiel, 1980; Benoist and Chambon, 1980; McKnight et 
at., 1981; Grosveld et al, 1982; Weiher et at., 1983). Recent- 
ly, a detailed analysis of the promoter of the herpes simplex 
thymidine kinase (TK) gene (McKnight and Kingsbury, 1982) 
resulted in an identification of three essential regions within 
105 bp upstream of the RNA initiation site. 

In higher plants, on the contrary, little is known about se- 
quence signals controlling gene expression. In octopine and 
nopaline crown gall tumor tissues, the T-DNA is transcribed 
by RNA polymerase II (Willmitzer et al. , 1981a), and encodes 
a set of well-defined polyadenylated transcripts. Therefore, 
the T-DNA genes can serve as models for defining transcrip- 
tional and translational control sequences in nuclear, protein- 
coding plant genes. In a first approach, we have attempted to 
determine which are the minimal 5' upstream sequences in- 



volved in the in vivo expression of these opine genes. Deletion 
of sequences upstream of position - 170 of the octopine syn- 
thase gene greatly reduces or abolishes the gene expression, 
while deletion of sequences upstream of position -294 does 
not interfere with a wild-type level of gene expression. In this 
sequence of 125 bp an essential region controlling the expres- 
sion of the octopine synthase gene might be located. Also in 
the case of the nopaline synthase gene, the 5' sequences 
downstream of position -261 contain all the information 
necessary for the in vivo expression of this gene. Therefore, 
the estimated maximum size of the octopine and nopaline 
synthase gene promoters are 295 bp and 261 bp, respectively. 
Although the DNA sequences directly involved in the expres- 
sion of the opine synthase genes in plant cells are not defined 
in this study, and identification of these sequences could help 
in the elucidation of the mechanisms of plant cellular gene 
control, the results described above clearly demonstrate that 
the expression of octopine and nopaline synthase genes is 
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determined directly by their 5 ' upstream flanking sequences 
and is independent of the direct vicinity of the plant DNA se- 
quences. 

Materials and methods 

Bacterial strains and plasmids 

Bacterial strafes and plasmids are listed in Table I. 
Media and culture conditions 

Luria broth {LB) and minimal A (rninA) media were as described (Miller, 
J 972), Nitrogen-free medium for the use of octopine or nopaline as sole 
nitrogen source were as described (Bomhoff etal., 1976). E. coli cultures were 
grown at 37°C and A. tumefackns at 28°C. Antibiotic concentrations used 
for E. cols and A. tumefaciens were respectively, carbenicilHn (Cb), 
100 jug/ml; streptomycin (Sm), 20 jig/ml and 300 jig/ml; spectinomycin (Sp), 
50 jig/ml and lOO/tg/ml; kanamydn (Km), 25 jtg/ml; rifampidn (Rif), 
lOOftg/m); erythromycin (Ery), 50pg/ml for Agrobacterium; chloram- 
phenicol (Cml), 25 itg/ml for Agrobacterium. 
Plasmid isolation 

Plasmids were prepared from E, coli by density gradient centrifugation in a 
CsCl-ethidium bromide gradient of cleared SDS lysates (Betlach et al., 3976). 
For screening of recombinant plasmids, plasmid DNA was obtained from 
10 ml cultures as described (Klein et al, 1980). 
DNA analysis 

Restriction enzyme analysis, agarose gel electrophoresis, conditions for 
DNA ligation and transformation of competent E. coli were as described 
(Depkker et al., 1980). DNA fragments were extracted from tow-gelling 
agarose geis as described (Wiesiander, 1979). Total DNA of Ti plasmid- 
containing Agrobacterium strains was prepared, digested, separated on 
agarose gel, transferred to nitrocellulose paper, and hybridized against radio- 
actively labeled recombinant plasmids as described (Dhaese et al., 1979). 
Induction and culture of crown gall tumors 

Sterile i-month-old tobacco plants (Wisconsin 38 or SRI) were decapitated 
arid infected with freshly grown agrobacteria. Three weeks later, tumors were 
excised and transferred to hormone-free Murashige and Skoog medium 
(Murashige and Skoog, 1962) containing sucrose (30 g/1) and 0.5 mg/ml 
HR756 (Hoechst A.G.). The tumor tissues, transferred every month, were 
usually free of bacteria after three transfers, and were further cultivated on 
antibiotic-free Murashige and Skoog medium. Sunflower hypocotyl segments 
were inoculated as described by Petit and Tempt (1978). 
Detection of opines in plant tumor tissue 

Octopine and nopaline detection. The presence of octopine or nopaline in 
tumor tissue was tested as described by Leemans et al. (1981). Octopine or 
nopaline synthase activity were determined in vitro according to Otten and 
Schitperoort (1978). 

Agropine and mannopine detection. Agropine and mannopine were 
detected in tumor tissue as described by Leemans et al. (1981). 
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CHIMERIC GENES SUITABLE FOR EXPRESSION 
IN PLANT CELLS 

This is a continuation of application Ser. No. 
06/793,488, filed Oct. 30, 1985, now abandoned, which 
is a continuation of application Ser. No. 06/458,414 
filed Jan. 17, 1983, now abandoned. 

TECHNICAL FIELD 
This invention is in the fields of genetic engineering, 
plant biology, and bacteriology. 

BACKGROUND ART 

In the past decade, the science of genetic engineering 
has developed rapidly. A variety of processes are 
known for inserting a heterologous gene into bacteria, 
whereby the bacteria become capable of efficient ex- 
pression of the inserted genes. Such processes normally 
involve the use of plasmids which may be cleaved at 
one or more selected cleavage sites by restriction en- 
donucleases, discussed below. Typically, a gene of in- 
terest is obtained by cleaving one piece of DN A and the 
resulting DNA fragment is mixed with a fragment ob- 
tained by cleaving a vector such as a plasmid. The dif- 
ferent strands of DNA are then connected ("ligated") to 
each other to form a reconstituted plasmid. See, for 
example, U.S. Pat. Nos. 4,237,224 (Cohen and Boyer, 
1980); 4,264,731 (Shine, 198 1); 4,273,875 (Manis, 1981); 
4,322,499 (Baxter et a), 1982), and 4,336,336 (Silhavy et 
al, 1982). A variety of other reference works are also 
available. Some of these works describe the natural 
processes whereby DNA is transcribed into messenger 
(mRNA) and rnRNA is translated into protein; see, e.g., 
Stryer, 1981 (note: all references cited herein, other 
than patents, are listed with citations after the Exam- 
ples); Lehninger, 1975, Other works describe methods 
and products of genetic manipulation; see, e.g., Maniatis 
et al, 1982; Setlow and Hollaender, 1979. 

Most of the genetic engineering work performed to 
date involves the insertion of genes into various types of 
cells primarily bacteria such as £ coli, various other 
types of microorganisms such as yeast, and mammalian 
cells. However, many of the techniques and substances 
used for genetic engineering of animal cells and micro- 
organisms are not directly applicable to genetic engi- 
neering involving plants. 

As used herein, the term "plant" refers to a multicel- 
lular differentiated organism that is capable of photo- 
synthesis, such as angiosperms and multicellular algae. 
This does not include microorganisms, such as bacteria, 
yeast, and fungi. However, the term "plant cells" in- 
cludes any eel] derived from a plant; this includes undif- 
ferentiated tissue such as callus or crown gall tumor, as 
well as plant seeds, propagules, pollen, and plant em- 

A variety of plant genes have been isolated, some of 
which have been published and/or are publicly avail- 
able. Such genes include the soybean actin gene (Shah 
et al, 1982), corn zein (Pederson et al, 1982) soybean 
leghemoglobin (Hyldig-Nielsen et al, 1982), and soy- 
bean storage proteins (Fischer and Goldberg, 1982). 

The Regions of a Gene 
The expression of a gene involves the creation of a 
polypeptide which is coded for by the gene, This pro- 
cess involves at least two steps: part of the gene is tran- 
scribed to form messenger RNA, and part of the mRNA 



is translated into a polypeptide. Although the processes 
of transcription and translation are not fully understood, 
it is believed that the transcription of a DNA sequence 
into mRNA is controlled by several regions of DNA. 
5 Each region is a series of bases (i.e., a series of nucleo- 
tide residues comprising adenosine (A), thymidine (T), 
cytidine (C), and guanidine (O)) which are in a desired 
sequence. Regions which are usually present in a eu- 
caryotic gene are shown on FIG. 1. These regions have 
10 been assigned names for use herein, and are briefly 
discussed below. It should be noted that a variety of 
terms are used in the literature, which describes these 
regions in much more detail. 
An association region 2 causes RNA polymerase to 
15 associate with the segment of DNA. Transcription does 
not occur at association region 2; instead, the RNA 
polymerase normally travels along an intervening re- 
gion 4 for an appropriate distance, such as about 
100-300 bases, after it is activated by association region 
20 2. 

A transcription initiation sequence 6 directs the RNA 
polymerase to begin synthesis of mRNA. After it recog- 
nizes the appropriate signal, the RNA polymerase is 
believed to begin the synthesis of mRNA an appropriate 

25 distance, such as about 20 to about 30 bases, beyond the 
transcription initiation sequence 6, This is represented 
in FIG, 1 by intervening region 8. 

The foregoing sequences are referred to collectively 
as the promoter region of the gene. 

30 The next sequence of DNA is transcribed by RNA 
polymerase into messenger RNA which is not trans- 
lated into protein. In general, the 5' end of a strand of 
mRNA attaches to a ribosome. In bacterial cells, this 
attachment is facilitated by a sequence of bases called a 

35 "ribosome binding site" (RBS), However, in eucaryotic 
cells, no such RBS sequence is known to exist. Regard- 
less of whether an RBS exists in a strand of mRNA, the 
mRNA moves through the ribosome until a "start co- 
don" is encountered. The start codon is usually the 

40 series of three bases, AUG; rarely, the codon GUG may 
cause the initiation of translation. The non-translated 
portion of mRNA located between the 5' end of the 
mRNA and the start codon is referred to as the 5' non- 
translated region 10 of the mRNA, The corresponding 

45 sequence in the DNA is also referred to herein as 5' 
non- translated region 12. The specific series of bases in 
this sequence is not believed to be of great importance 
to the expression of the gene; however, the presence of 
a premature start codon might affect the translation of 

SO the mRNA (see Kozak, 1978). 

A promoter sequence may be significantly more com- 
plex than described above; for example, certain promot- 
ers present in bacteria contain regulatory sequences that 
are often referred to as "operators." Such complex 

55 promoters may contain one or more sequences which 
are involved in induction or repression of the gene, One 
example is the lac operon, which normally does not 
promote transcription of certain lactose-utilizing en- 
zymes unless lactose is present in the cell. Another 

60 example is the trp operator, which does not promote 
transcription or translation of certain tryptophan-creat- 
ing enzymes if an excess of tryptophan is present in the 
cell. See, e.g., Miller and Reznikoff, 1982. 
The next sequence of bases is usually called the cod- 

65 ing sequence or the structural sequence 14 (in the DNA 
molecule) or 16 (in the mRNA molecule). As mentioned 
above, the translation of a polypeptide begins when the 
mRNA start codon, usually AUG, reaches the transla- 
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tion mechanism in the ribosome. The start cod on directs 
the ribosome to begin connecting a series of amino acids 
to each other by peptide bonds to form a polypeptide, 
starting with methionine, which always forms the 
amino terminal end of the polypeptide (the methionine 5 
residue may be subsequently removed from the poly- 
peptide by other enzymes). The bases which follow the 
AUG start codon are divided into sets of 3, each of 
which is a codon. The "reading frame", which specifies 
how the bases are grouped together into sets of 3, is 10 
determined by the start codon. Each codon codes for 
the addition of a specific amino acid to the polypeptide 
being formed. The entire genetic code (there are 64 
different codons) has been solved; see, e.g., Lehninger, 
supra, at p. 962. For example, CUA is the codon for the 15 
amino acid leucine; GGU specifies glycine, and UGU 
specifies cysteine. 

Three of the codons (UAA, UAG, and UGA) are 
"stop" codons; when a stop codon reaches the transla- 
tion mechanism of a ribosome, the polypeptide that was 20 
being formed disengages from the ribosome, and the last 
preceding amino acid residue becomes the carboxy 
terminal end of the polypeptide. 

The region of mRNA which is located on the 3' side 
of a slop codon in a monocistronic gene is referred to 25 
herein as 3' non -translated region 18. This region 18 is 
believed to be involved in the processing, stability, 
and/or transport of the mRNA after it is transcribed. 
This region 18 is also believed to contain a sequence of 
bases, poly-adenylation signal 20, which is recognized 30 
by an enzyme in the cell. This enzyme adds a substantial 
number of adenosine residues to the mRNA molecule, 
to form poly-A tail 22. 

The DNA molecule has a 3' non-translated region 24 
and a poly-adenylation signal 26, which code for the 35 
corresponding mRNA region 18 and signal 20. How- 
ever, the DNA molecule does not have a poly-A tail. 
Poly-adenylation signals 20 (mRNA) and 26 (DNA) are 
represented in the figures by a heavy dot. 

Gene-Host Incompatibility *° 
The same genetic code is utilized by all living organ- 
isms on Earth. Plants, animals, and microorganisms all 
utilize the same correspondence between codons and 
amino acids. However, the genetic code applies only to 45 
the structural sequence of a gene, i.e., the segment of 
mRNA bounded by one start codon and one stop codon 
which codes for the translation of mRNA into polypep- 
tides. 

However, a gene which performs efficiently in one 50 
type of cell may not perform at all in a different type of 
cell. For example, a gene which is expressed in E. coli 
may be transferred into a different type of bacterial cell, 
a fungus, or a yeast. However, the gene might not be 
expressed in the new host cell. There are numerous 55 
reasons why an intact gene which is expressed in one 
type of cell might not be expressed in a different type of 
cell. See, e.g., Sakaguchi and Okanishi, 1981. Such rea- 
sons include: 

1. the gene might not be replicated or stably inherited 60 
by the progeny of the new host cell. 

2. the gene might be broken apart by restriction ettdonu- 
cleases or other enzymes in the new host cell. 

3. the promoter region of the gene might not be recog- 
nized by the RNA polymerases in the new host cell. 65 

4. one or more regions of the gene might be bound by a 
repressor protein or other molecule in the new host 
cell, because of a DNA region which resembles an 
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operator or other regulatory sequence of the host's 
DNA. For example, the lac operon includes a poly- 
peptide which binds to a particular sequence of bases 
next to the iac promoter unless the polypeptide is 
itself inactivated by lactose. See, e.g., Miller and 
Reznikoff, 1982. 
5. one or more regions of the gene might be deleted, 
reorganized, or relocated to a different part of the 
host's genome. For example, numerous procaryotic 
cells are known to contain enzymes which promote 
genetic recombination (such as the rec proteins in £ 
coli; see, e.g., Shibata et a!, 1979) and transposition 
(see, e.g., The 45th Cold Spring Harbor Symposium 
on Quantitative Biology, 198 1). In addition, natural- 
ly-occurring genetic modification can be enhanced 
by regions of homology between different strands of 
DNA; see, e.g., Radding, 1978. 
6- mRNA transcribed from the gene may suffer from a 
variety of problems. For example, it might be de- 
graded before it reaches the ribosome, or it might not 
be poly-adenylated or transported to the ribosome, or 
it might not interact properly with the ribosome, or it 
might contain an essential sequence which is deleted 
by RNA processing enzymes. 
7. the polypeptide which is created by translation of the 
rnRNA coded for by the gene may suffer from a 
variety of problems. For example, the polypeptide 
may have a toxic effect on the cell, or it may be 
glycosylated or converted into an altered polypep- 
tide, or it may be cleaved into shorter polypeptides or 
amino acids, or it may be sequestered within an intra- 
cellular compartment where it is not functional. 
In general, the likelihood of a foreign gene being 
expressed in a cell tends to be lower if the new host cell 
is substantially different from the natural host cell. For 
example, a gene from a certain species of bacteria is 
likely to be expressed by other species of bacteria within 
the same genus. The gene is less likely to be expressed 
by bacteria of a different genus, and even less likely to 
be expressed by non-bacterial microorganisms such as 
yeast, fungus, or algae. It is very unlikely that a gene 
from a cell of one kingdom (the three kingdoms are 
plants, animals, and "protista" (microorganisms)) could 
be expressed in cells from either other kingdom. 

These and other problems have, until now, thwarted 
efforts to obtain expression of foreign genes into plant 
ceils. For example, several research teams have re- 
ported the insertion of foreign DNA into plant cells; 
see, e.g., Lurquin, 1979; Krens et al, 1982; Davey et al, 
1980. At least three teams of researchers have reported 
the insertion of entire genes into plant cells. By use of 
radioactive DNA probes, these researchers have re- 
ported that the foreign genes (or at least portions 
thereof) were stably inherited by the descendants of the 
plant cells. See Hernalsteens et ai, 1980; Garfmkel et al, 
1981; Matzkeand Chilton, 1981. However, there was no 
reported evidence that the foreign genes were ex- 
pressed in the plant cells. 

Several natural exceptions to the gene-host incompat- 
ibility barriers have been discovered. For example, 
several £ coli genes can be expressed in certain types of 
yeast cells, and vice- versa. See Beggs, 1978; Struhl et ai, 
1979. 

In addition, certain types of bacterial cells, including 
Agrobacierium tumefaciens and A. rhizogenes. are capa- 
ble of infecting various types of plant cells, causing 
plant diseases such as crown gall tumor and hairy root 
disease. These Agrobacterium cells carry plasmids, 



designated as Ti plasm ids and Ri plasraids, which carry 
genes which are expressed in plant cells. Certain of 
these genes code for enzymes which create substances 
called "opines," such as octopine, nopaline, and agro- 
pine. Opines are utilized by the bacteria cells as sources 5 
of carbon, nitrogen, and energy. See, e.g., Petit and 
Tempe, 1978. The opine genes are believed to be inac- 
tive while in the bacterial cells; these genes are ex- 
pressed only after they enter the plant cells. 

In addition, a variety of mart-made efforts have been 10 
reported to overcome one or more of the gene-host 
incompatibility barriers. For example, it has been re- 
ported that a mammalian polypeptide which is normally 
degraded within a bacterial host can be protected from 
degradation by coupling the mammalian polypeptide to 15 
a bacterial polypeptide that normally exists in the host 
cell. This creates a "fusion protein;" see, e.g., Itakura et 
ai, 1977. As another example, in order to avoid cleavage 
of an inserted gene by endorsucleases in the host cell, it 
is possible to either (1) insert the gene into host cells 20 
which are deficient in one or more endonucleases, or (2) 
duplicate the gene in cells which cause the gene to be 
methylated. See, e.g., Maniatis et al, 1981. 

In addition, various efforts to overcome gene-host 
incompatibility barriers involve chimeric genes. For 25 
example, a structural sequence which codes for a mam- 
malian polypeptide, such as insulin, interferon, or 
growth hormone, may be coupled to regulatory sequen- 
ces from a bacterial gene. The resulting chimeric gene 
may be inserted into bacterial cells, where it will express 30 
the mammalian polypeptide. See, e.g., Guarente e! ai, 
1980. Alternately, structural sequences from several 
bacteria! genes have been coupled to regulatory sequen- 
ces from viruses which are capable of infecting mamma- 
lian cells. The resulting chimeric genes were inserted 35 
into mammalian cells, where they reportedly expressed 
the bacterial polypeptide. See, e.g., Southern and Berg, 
1982; Colbere-Garapin et al, 1981. 
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tions. For example, an EcoRI end is more likely to 
anneal to another EcoRI end than to a Haelll end. 

Over 100 different endonucleases are known, each of 
which is capable of cleaving DNA at specific sequen- 
ces. See, e.g., Roberts, 1982. All restriction endonu- 
cleases are sensitive to the sequence of bases. In addi- 
tion, some endonucleases are sensitive to whether cer- 
tain bases have been methylated. For example, two 
endonucleases, Mbol and Sau3a are capable of cleaving 
the following sequence of bases as shown: 



Mbol cannot cleave this sequence if the adenine resi- 
due is methylated <me-A). Sau3a can cleave this se- 
quence, regardless of whether either A is methylated. 
To some extent the methylation (and therefore the 
cleavage) of a plasmid may be controlled by replicating 
the plasmids in cells with desired methylation capabili- 
ties. An E. coll enzyme, DNA adenine methylase (dam), 
methylates the A residues that occur in GATC sequen- 
ces. Strains of E. coli which do not contain the dam 
enzyme are designated as dam - cells. Cells which con- 
tain dam are designated as dam+ cells. 

Several endonucleases are known which cleave dif- 
ferent sequences, but which create cohesive ends which 
are fully compatible with cohesive ends created by 
other endonucleases. For example, at least five different 
endonucleases create 5' GATC overhangs, as shown in 
Table 1. 

TABLE 1 



Restriction Endonucleases 



40 



a Igatc t 

t CTAGlA 



In general, an endonuclease is an enzyme which is 
capable of breaking DNA into segments of DNA. An 
endonuclease is capable of attaching to a strand of DNA 
somewhere in the middle of the strand, and breaking it. 
By comparison, an exonuc lease removes nucleotides, 45 

from the end of a strand of DNA. All of the endonu- ?cii t Ioatc a 

cleases discussed herein are capable of breaking double- ° ' m yme " actag|T 

stranded DNA into segments. This may require the 

breakage of two types of bonds: (1) covalent bonds BamHi gIgaTC c 

between phosphate groups and deoxyribose residues, 50 Unaffected by me-A c CTAG lG 

and (2) hydrogen bonds (A— T and C — G) which hold ________ 

the two strands of DNA to each other. 

A "restriction endonuclease" (hereafter referred to as A cohesive end created by any of the enconuc leases 
an endonuclease) breaks a segment of DNA at a precise listed in Table 1 will ligate preferentially to a cohesive 
sequence of bases. For example, EcoRI and Haelll 55 end created by any of the other endonucleases. How- 
recognize and cleave the following sequences: 



i ligation of, for example, a BgHI end with a 
BamHI end will create the following sequence: 



t: ;--o 1aattc _^xxa a 

C TTAAlQ-5' YYCTTAA T 

I; 5--GG|CC _ 
CCIGO 



VYCC GGYY 



This sequence cannot be cleaved by either Bgl II or 
BamHI; however, it can be cleaved by Mbol (unless 
In the examples cited above, the EcoRI cleavage 65 methylated) or by Sau3a. 



created a "cohesive" end with a 5' overhang (i.e., the 
singie-stranded "tail" has a 5' end rather than a 3' end). 
Cohesive ends can be useful in promoting desired liga- 



Another endonuclease which involves the GATC 
sequence is Pvul, which creates a 3' overhang, as fol- 
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FIG. 1 represents the structure of a typical eukary- 
otic gene. 

c G atJcg FIG, 2 is a flow chart representing the steps of this 

A invention, correlated with an example chimeric NOS- 
5 NFTII-NOS gene 

Another endonuciease, Clal. cleaves the following Fla 3 re p resent s fragment HindIII-23, obtained by 

sec5uence: digesting a Ti plasmid with Hindlll. 

FIG. 4 represents a DNA fragment which contains a 

x atIcd atxi N0S P ron)0ter region, a NOS 5' non-translated region, 

y'tagcItay* !0 anci tne ^ rsE few codons of the NOS structural se- 
quence. 

If X, is G, or if X 2 is C, then the sequence may be FIG - 5 presents the cleavage of a DNA sequence at 

cleaved by Mbol (unless methylated, in which case Clal a P reclse locat i on ' 10 obtam a DNA fragment which 

is also inhibited) or Sau3a. contains a NOS promoter region and complete 5' non- 
^ translated region. 

SUMMARY OF THE INVENTION FIG. 6 represents the creation of plasmids 

This invention relates to chimeric genes which are pMONlOOI and pMON40, which contain an NPTII 

capable of being expressed in plant cells, and to a structural sequence. 

method for creating such genes. 2Q Fla 7 represents the insertion of a NOS promoter 

The chimeric gene comprises a promoter region re S ,orl int0 P^smid pMON40, to obtain pMON58. 

which is capable of causing RNA polymerase in a plant FIG - 8 represents the creation of an M 13 derivative 

cell to create messenger RNA corresponding to the designated as M-2, which contains a NOS 3' non-iran- 

DNA. One such promoter region comprises a nopaiine s!ated re e lon and P°ly-A signal, 

synthase (NOS) promoter region, which normally exists 2 5 FI0, 9 re P resents the assembly of the NOS-NPTII- 

in certain types of Ti plasmids in bacteria, A. tumefaci- NOS chimeric gene, and the insertion of the chimeric 

en j. The NOS gene normally is inactive while contained e ene imo plasmid pMON38 to obtain plasmids 

in A. tumefackns cells, and it becomes active after the Ti pMON75 and pMON76. 

plasmid enters a plant cell. Other suitable promoter F1G - 10 represents the insertion of the NOS-NPTII- 

regions may be derived from genes which exist natu- 30 N0S chimeric gene into plasmid pMON120 to obtain 

rally in plant cells. plasmids pMONHS and pMON129. 

The chimeric gene also contains a sequence of bases FIG - 11 represents the creation of plasmid pMON66, 

which codes for a 5' non-translated region of mRNA which contains an NPTI gene. 

which is capable of enabling or increasing the expres- FIG - 12 represents the creation of plasmid pMON73, 

sion in a plant cell of a structural sequence of the 35 containing a chimeric NOS-NPTII sequence. 

mRNA, For example, a suitable 5' non- translated region PIG- *3 represents the creation of plasmid pMON78, 

may be taken from the NOS gene mentioned above, or containing a chimeric NOS-NPTI sequence, 

from a gene which exists naturally in plant cells. FIG. 14 represents the creation of plasmids 

The chimeric gene also contains a desired structural pMON106 and pMON107, which contain chimeric 

sequence, i.e., a sequence which is transcribed into 40 NOS-NPTI-NOS genes. 

mRNA which is capable of being translated into a de- FIG- 15 represents the insertion of a chimeric NOS- 

sired polypeptide. The structural sequence is heterolo- NPTI-NOS gene into pMON120 to obtain plasmids 

gous with respect to the promoter region, and it may pMON130 and pMONBl. 

code for any desired polypeptide, such as a bacterial or FIG. 16 represents the structure of a DNA fragment 

mammalian protein. The structural sequence includes a 45 containing a soybean protein (sbss) promoter, 

start codon and a stop codon. The structural sequence FIG. 17 represents the creation of plasmid 

may contain introns which are removed from the pMONI21, containing the sbss promoter. 

mRNA prior to translation. FIG. 18 represents the insertion of a chimeric sbss- 

If desired, the chimeric gene may also contain a DNA NPTH-NOS gene into pMON120 to create plasmids 

sequence which codes for a 3' non-translated region 50 pMONI41 arsd pMON142. 

(including a poly-adenylation signal) of mRNA. This FIG. 19 represents the creation of plasmid 

region may be derived from a gene which is naturally pMONlOS, containing a bovine growth hormone struc- 

expressed in plant cells, to help ensure proper expres- tural sequence and a NOS 3' region, 

sion of the structural sequence. Such genes include the FIG. 20 represents the creation of plasmid N2S-BGH, 

NOS gene mentioned above, as well as genes which 55 which contains the BGH-NOS sequence surrounded by 

exist naturally in plant cells. selected cSeavage sites. 

The method of this invention is described below, and FIG. 21 represents the insertion of a chimeric sbss- 

is summarized in the flow chart of FIG. 2. BGH-NOS gene into pMON120 to obtain plasmids 

If properly assembled and inserted into a plant ge- pMON147 and pMON148. 

nome, a chimeric gene of this invention will be ex- 60 FIG. 22 represents the creation of plasmid 

pressed in the plant cell to create a desired polypeptide, pMON149, which contains a chimeric NOS-BGH-NOS 

such as a mammalian hormone, or s bacterial enzyme gene, 

which confers antibiotic or herbicide resistance upon FIG. 23 represents the creation of plasmid pMONS, 

the plant. which contains a structural sequence for EPSP syn- 

BRIEF DESCRIPTION OF THE DRAWINGS 65 th p, r rB „„ t f , t . . . .. 

FIG. 24 represents the creation of plasmid pMON25, 

The figures herein are schematic representations; which contains an EPSP synthase structural sequence 

they have not been drawn to scale. with several cleavage site near the start codon. 
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FIG. 25 represents the creation of plasmid in various ways, such as alteration in length or repiace- 
pMON146, which contains a chimeric sequence com- ment by other sequences. Such modifications in pro- 
prising EPSP synthase and a NOS 3' region. moter regions and 5' non-translated regions have been 
FIG. 26 represents the insertion of a chimeric NOS- studied in bacteria! ceils (see, e.g., Roberts et al 1979) 
EPSP-NOS gene into pMONIZO to obtain plasmid 5 and mammalian cells (see, e.g., McKntght, 1982). By 
pMON 1 S3. utilizing the methodology taught by this invention, it is 
FIG. 27 represents the creation of plasmid now possible to study the effects of modifications to 
pMON154, which contains a chimeric sbss-EPSP-NOS promoter regions and 5' non-translated regions on the 
gene. expression of genes in plant cells. It may be possible to 
'° increase the expression of a gene in a plant cell by means 
of such modifications. Such modifications, if performed 
upon chimeric genes of this invention, are within the 
In one' preferred embodiment of this invention, a scope of this invention, 
chimeric gene was created which contained the follow- A n opaiine-type tumor-inducing plasmid, designated 
ing elements: 15 as p xiT37, was isolated from a strain of A. tumefaciens 

1. a promoter region and a 5' non-translated region using standard procedures (Currier and Nester, 1976). It 
derived from a nopaline synthase (NOS) gene; was digested wiEh the endonuciease HindlH which 

2. a structural sequence derived from a neomycin phos- pmduced nam erous fragments. These fragments were 
photransferase II (NPTII) gene; and, separated by size on a gel, and one of the fragments was 

3. a 3 non-transiated region, including a poly-adenyla- 20 ijo|ated afid removed from the ge l. This fragment was 
tun signal, derived from a NOS gene. designated as the HindIII-23 fragment, because it was 

™SfJ! gCne ' refe "i d , ? h6 / eln 35 ! ° approximately the 23rd largest fragment from the Ti 

NPTII-NOS gene was assembled and inserted into a ^ mid is imaSdy 340 o base pairs (bp) in size, 

variety of plant cells, causing them to become reststant ^ referred ((J m 3 4 kj]obases (kb) From WQrk b 

to aminoglycoside antibiotics such as kanamyem. 25 o(hers Henulsteens et al, 1980), it was known 

The method used to assemble this crumenc gene a ^ HindIII-23 fragment contained the entire NOS 

summarized in the flow chart of FIG. 2, and described . . " , .„ . , . 

in detail below and in the examples. To assist the reader * ene ' mcludm B the promoter reg.on, a 5 non-translated 

in understanding the sleps of Shis method, various plas- re S ,on > a struct » ral 5^ en ' e w , ! * \ start cod ° E a " d a 

mids and fragments involved in the NOS-NPTII-NOS 30 f^ 011 ' and a 3 non-translated reg!On. The Hm- 

chimeric gene are cited in parentheses in FIG. 2. How- dIll-23 fragment is shown in FIG, 3, 

ever, the method of FIG. 2 is applicable to a wide vari- B V means °f various ctovage and sequencmg expen- 

ety of other plasmids and fragments. To further assist mel » s ' " * as determined that the HindIII-23 fragment 

the reader, the steps shown in FIG. 2 have been as- co " ld b * dl S ested ^ endonuciease Sau 3a, to 

signed cailout numbers42 et seq. These catlout numbers 35 ^ a fragment, about 350 bp m size, which contains 

are cited in the following description. The techniques the entlre N0S Promoter region, the 5 non-translated 

and DNA sequences of this invention are likely to be re S 10n . and the f lrst few codons of the NOS structural 

useful in the transformation of a wide variety of plants, sequence. This fragment was sequenced, and the base 

including any plant which may be infected by one or sequence is represented m FIG. 4. The start codon 

more strains of A. tumefaciens or A. rhizogenes. 40 < ATG > of the N0S structural sequence begins at base 

pair 301 within the 350 bp fragment. The Applicants 

The NOS Promoter Region and 5' Non-translated decided to cleave the fragment between base pairs 300 

Region and 301; this would provide them with a fragment about 

The Applicants decided to obtain and utilize a nopa- 300 base P airs lol5 8 containing a NOS promoter region 

line synthase (NOS) promoter region to control the 45 and Ehe en!ire 5 ' non-translated region but with no 

expression of the heterologous gene. The NOS is nor- translated bases. To cleave the 350 bp fragment at pre- 

mally carried in certain types of Ti plasmids, such as c * s ely the right location, the Applicants obtained an 

P TiT37. Sciaky et al, 1978. The NOS promoter is nor- M13 clone designated as SI A, and utilized the proce- 

mally inactive while in an A. tumefaciens cell. The entire dure described below. 

NOS gene, including the promoter and the protein cod- 50 To create the S1A clone, Dr. Michael Bevan of Wash- 
ing sequence, is within the T-DNA portion of a Ti ington University converted the 350 bp Sau3a fragment 
plasmid that is inserted into the chromosomes of plant into a single strand of DNA. This was done by utilizing 
cells when a plant becomes infected and forms a crown a virus vector, designated as the M 13 mp2 phage, which 
gall tumor. Once inside the plant cell, the NOS pro- goes through both double-stranded (ds) and single- 
moter region directs RNA polymerase within a plant 55 stranded (ss) stages in its life cycle (Messing et al, 1981). 
cell to transcribe the NOS protein coding sequence into The ds 350 bp fragment was inserted into the double- 
mRNA, which is subsequently translated into the NOS stranded replicative form DNA of the M13 mp2, which 
enzyme. had been cleaved with BamHI. The two fragments 
The boundaries between the different parts of a pro- were ligated, and used to infect E. coli cells. The ds 
moter region (shown in FIG. 1 as association region 2, 60 DNA containing the 350 bp inserted fragment subse- 
intervening region 4, transcription initiation sequence 6, quentiy replicated, and one strand (the viral strand) was 
and intervening region 8), and the boundary between encapsulated by the M13 viral capsid proteins. In one 
the promoter region and the 5' non-translated region, clone, designated the S1A, the orientation of the 350 bp 
are not fully understood. The Applicants decided to fragment was such that the anti-sense strand (containing 
utilize the entire promoter region and 5' non-translated 65 the same sequence as the mRNA) of the NOS gene was 
region from the NOS gene, which is known to be ex- carried in the viral strand. Viral particles released from 
pressed in plant cells. However, it is entirely possible infected cells were isolated, and provided to the AppH- 
that one or more of these sequences might be modified cants. 
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Single stranded SI A DNA, containing the anti-sense 
350 bp fragment with the NOS promoter region, was 
isolated from the viral particles and sequenced, A 14- 
mer oligonucleotide primer was synthesized, using pub- 
lished procedures (Beaucage and Carruthers, 1981, as 5 
modified by Adams et at, 1982). This 14-mer was de- 
signed to be complementary to bases 287 through 300 of 
the 350 bp fragment, as shown on FIG. 4. 

The 5' end of the synthetic primer was radioactively ]Q 
labelled with 32 P; this is represented in the figures by an 
asterisk 

Copies of the primer were mixed with copies of the 
single-stranded SIA DNA containing the anti-sense 
strand of the 350 bp fragment. The primer annealed to [5 
the desired region of the SIA DNA, as shown at the top 
of FIG. 5. After this occurred, Klenow DNA polymer- 
ase and a controlled quantity of unlabel! ed deoxy- 
nucleostde triphosphates (dNTP's), A, T, C, and G, 
were added. Klenow polymerase added nucleotides to 20 
the 3' (unlabelled) end of the primer, but not to the 5' 
(labelled) end. The result, as shown in FIG. S, was a 
circular loop of single-stranded DNA, part of which 
was matched by a second strand of DNA. The 5' end of 
the second strand was located opposite base #300 of the -5 
Sau3a insert 

The partially double-stranded DNA was then di- 
gested by a third endonuclease, Haelll. which can 
cleave both single-stranded and double-stranded DNA. 
Haelll cleavage sites were known to exist in several 
locations outside the 350 bp insert, but none existed 
inside the 350 bp insert. This created a fragment having 
one blunt end, and one 3' overhang which started at 
base #301 of the Sau3a insert. 35 

The Haelll fragment mixture was treated with T4 
DNA polymerase and unlabelled dNTP's. This caused 
the single stranded portion of the DNA, which ex- 
tended from base #301 of the Sau3a insert to the closest 
Haelll cleavage site, to be removed from the fragment. 40 
In this manner, the ATG start codon was removed from 
base pair #300, leaving a blunt end double-stranded 
fragment which was approximately 550 bp long. 

The mixture was then digested by a fourth endonu- 
clease EcoRI, which cleaved the 550 bp fragment at a 45 
single site outside the NOS promoter region. The frag- 
ments were then separated by size on a gel, and the 
radioactively-labeiled fragment was isolated. This frag- 
ment contained the entire NOS promoter region and 5' 
non-transtated region. It had one blunt end with a se- ^ 
quence of 

S p - . . . CTGCA 
. . . GACGT 

55 

and one cohesive end (at the EcoRI site) with a se- 
quence of ' 
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Creation of plasmid with NPT II gene (pMON4G) 
A bacterial transposon, designated as Tn5, is known 
to contain a complete NPT II gene, including promoter 
region, structural sequence, and 3' non-translated re- 
gion. The NPT II en2yme inactivates certain amino- 
glycoside antibiotics, such as kanamycin, neomycin, 
and G418; see Jimenez and Da vies, 1980. This gene is 
contained within a 1.8 kb fragment, which can be ob- 
tained by digesting phage lambda bbkan-1 DNA (D. 
Berg et al, 1975) with two endonucleases, Hindlll and 
BamHL This fragment was inserted into a common 
laboratory plasmid, pBR327, which had been digested 
by Hindlll and BamHI. As shown in FIG. 6, the result- 
ing plasmid was designated as pMONlOGl, which was 
about 4.7 kb. 

To reduce the size of the DNA fragment which car- 
ried the NPT II structural sequence, the Applicants 
eliminated about 500 bp from the pMONlOOl plasmid, 
in the following manner. First, they digested 
pMONIOOl at a unique Smal restriction site which was 
outside of the NPT II gene. Next, they inserted a 10- 
mer synthetic oligonucleotide linker, 

3' CCGGATCCGG, 
GGCCTAOGCC 

into the Smal cleavage site. This eliminated the Smal 
cleavage site and replaced it with a BamHI cleavage 
site. A second BamHI cleavage site already existed, 
about 500 bp from the new BamHI site. The Applicants 
digested the plasmid with BamHI, separated the 500 bp 
fragment from the 4,2 kb fragment, and circularized the 
4.2 kb fragment. The resulting plasmids were inserted 
into '£ coli, which were then selected for resistance to 
ampicillin and kanamycin, A clonal colony of E. coli 
was selected; ;these cells contained a ptasmid which was 
designated as pMON40, as shown in FIG. 6. 

The foregoing steps are represented in FIG. 2 as steps 
48 and 50. 

Insertion of NOS promoter into plasmid pMON40 
The Applicants deleted the NPT II promoter from 
pMON40, and replaced it with the NOS promoter frag- 
ment described previously, by the following method, 
shown on FIG. 7. 

Previous cleavage and sequencing experiments (Rao 
and Rogers, 1979; Auerswald et a], 1980) indicated that 
a BgUI cleavage site existed in the NPT II gene be- 
tween the promoter region and the structural sequence. 
Plasmid pMON40 was digested with BglH. The cohe- 
sive ends were then filled in by mixing the cleaved 
plasmid with Klenow polymerase and the four dNTP's, 
to obtain the following blunt ends: 

— AGATC GATCT — 
— TCTAG CTAGA-5' 



5' AATTC— 60 
G— 

The shorter strand was about 308 bp long. 

The foregoing steps are represented in FIG. 2 as steps 
42, 44, and 46. 45 

This fragment was inserted into pMON40 (which is 
described below) to obtain pMON58, as shown on FIG. 
7. 



The polymerase and dNTP's were removed, and the 
cleaved plasmid was then digested with EcoRI. The 
smaller fragment which contained the NPT II promoter 
region was removed, leaving a large fragment with one 
EcoRI end and one blunt end. This large-fragment was 
mixed with the 308 bp fragment which c.ontained the 
NOS promoter, described previously and shown on 
FIG. 5, The fragments were ligated, and inserted into R 
coli. E. coli clones were selected for ampicillin resis- 
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tance. Replacement of the NPT II promoter region (a ase, Mbol, and treated with the large fragment of £ co!i 

bacterial promoter) with the NOS promoter region DNA polymerase I. This resulted in a 250 bp fragment 

(which is believed to be active only in plant cells) with Mbol blunt ends, containing a large part of the 

caused the NPT II structural sequence to become inac- NOS 3' non-translated region including the poly- A 

tive in E. coli. Plasmids from 36 kanamycin-sensttive 5 signal. 

clones were obtained; the plasmid from one clone, des- The foregoing procedure is represented in FIG. 2 by 

ignated as pMON58, was utilized in subsequent work. step 58. However, it is recognized that alternate means 

The foregoing steps are represented in FIG. 2 as steps could have been utilized; for example, it might have 

52 and 54. been possible to digest the HindIII-23 fragment directly 

Plasmid pMON58 may be digested to obtain a 1.3 kb 10 with Mbol to obtain the desired 260 bp fragment with 

EcoRI-BamHI fragment which contains the NOS pro- the NOS 3' non-translated region, 

moter region, the NOS 5' non- translated region, and the , . _ 

NPT II structural sequence. This step is represented in Assembly of Chimeric Gene 

FIG. 2 as step 56. To complete the assembly of the chimeric gene, it 

i — • . XTT — - ft 15 was necessary to ligate the 260 bp Mbol fragment 

Insertion of NOS 3 sequence mto NPT II gene (whkh contained the NOS y non . translated region) t0 

As mentioned above in "Background Art", the func- the 1.3 kb EcoRI-BamHI fragment from pMON58 
tions of 3' non-translated regions in eucaryotic genes are (which contained the NOS promoter region and 5' non- 
not fully understood. However, they are believed to translated region and the NPT II structural sequence), 
contain at least one important sequence, a poly-adenyla- 20 In order to facilitate this ligation and control the orien- 
tion signal tation of the fragments, the Applicants decided to con- 
It was suspected by the Applicants that a gene having vert the Mbol ends of the 260 bp fragment into a 
a bacterial 3' non-translated region might not be ex- BamHI end (at the 5' end of the fragment) and an 
pressed as effectively in a plant cell as the same gene EcoRI end (at the 3' end of the fragment). In order to 
having a 3' non-translated region from a gene, such as 25 perform this step, the Applicants used the following 
NOS, which is known to be expressed in plants, There- method. 

fore, the Applicants decided to add a NOS 3' non-tran- The 260 bp Mbol fragment, the termini of which had 

slated region to the chimeric gene, in addition to the been converted to blunt ends by Klenow polymerase, 

NPT II 3' non-translated region already present. was inserted into M13 mp8 DNA at a Smal cleavage 

Whether a different type of 3' non- translated region 30 site. The Smal site is surrounded by a variety of other 

(such as a 3' region from an octopine-type or agropine- cleavage sites present in the M13 mp8 DNA, as shown 

type Ti plasmid, or a 3' region from a gene that nor- in FIG. S. The Mbol fragment could be inserted into the 

mally exists in a plant cell) would be suitable or prefera- blunt Smal ends in either orientation. The orientation of 

ble for use in any particular type of chimeric gene, for the Mbol fragments in different clones were tested, 

use in any specific type of plant cell, may be determined 35 using Hinfl cleavage sites located assymetrically within 

by those skilled in the art through routine experiments- the Mbol fragment. A clone was selected in which the 

tion using the method of this invention. Alternately, it is 3' end of the NOS 3' non-translated region was located 

possible, using the methods described herein, to delete near the EcoRI cleavage site in the M13 mpS DNA. 

the NPT H or other existing 3' non-translated region This clone was designated as the M-2 clone, as shown in 

and replace it with a desired 3' non-translated region 40 FIG. 8. 

that is known to be expressed in plant cells. Replicative form (double stranded) DNA from the 

Those skilled in the art may also determine through M-2 clone was digested by EcoRI and BamHI and a 280 

routine experimentation whether the 3' non-translated bp fragment was isolated. Separately, plasmid pMONSS 

region that naturally follows a structural sequence that was digested by EcoRI and BamHI, and a 1300 bp 

is to be inserted into a plant cell will enhance the efft- 45 fragment was isolated. The two fragments were iigated, 

cient expression of that structural sequence in that type as shown in FIG. 9, to complete the assembly of a NOS- 

of plant cell. If so, then the steps required to insert a NPTII-NOS chimeric gene having EcoRI ends, 

different 3' non-translated region into the chimeric gene There are a variety of ways to control the ligation of 

might not be required in order to perform the method of the two fragments. For example, the two EcoRI- 

this invention, 50 BamHI fragments could be joined together with DNA 

In order to obtain a DNA fragment containing a NOS ligase and cleaved with EcoRI. After inactivation of 

3' non-translated region appropriate for joining to the EcoRI, a vector molecule having EcoRI ends that were 

NPT II structural sequence from pMONSS (described treated with calf alkaline phosphatase (CAP) may be 

previously), the Applicants utilized a 3.4 kb HindIII-23 added to the mixture. The fragments in the mixture may 

fragment from a Ti plasmid, shown on FIG. 3. This 3.4 55 be Iigated in a variety of orientations. The plasmid rnix- 

kb fragment was isolated and digested with BamHI to ture is used to transform E. coli, and cells having plas- 

obtain a 1.1 kb BamHl-Hindlll fragment containing a 3' mids with the desired orientation are selected or 

portion of the NOS structural sequence (including the screened, as described below. 

stop codon), and the 3' non-translated region of the A plasmid, designated as pMON38, was created by 

NOS gene (including the poly-adenylation signal). This 60 insertion of the HindIII-23 fragment (from Ti plasmid 

1.1 kb fragment was inserted into a pBR327 plasmid pTiT37) into the Hindlll cleavage site of the plasmid 

which had been digested with Hindlll and BamHI. The pBR327. Plasmid pMON3g contains a unique EcoRI 

resulting plasmid was designated as pMON42, as shown site, and an ampicillin-resistance gene which is ex- 

on FIG. 8. pressed in £ coli. Plasmid pMON38 was cleaved with 

Plasmid pMON42 was digested with BamHI and 65 EcoRI and treated with alkaline phosphatase to prevent 

Rsal, and a 720 bp fragment containing the desired it from re-ligating to itself. U.S. Pat. No. 4,264,731 

NOS 3' non-translated region was purified on a gel. The (Shine, 1981). The resulting fragment was mixed with 

720 bp fragment was digested with another endonucle- the 1300 bp NOS-NPTII fragment from pMON58, and 
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the 280 bp NOS fragment from M-2, which had been EcoRI and BamHI. The resulting plasmid was desig- 
nated and EcoRl-cleaved as described in the previous nated as pMON73, as shown in FIG. 12. 
paragraph. The fragments were ligated, and inserted pMON73 was digested with PstI and BamHI, and a 
into E. coli. The E. coli cells which had acquired intact 2.4 kb fragment was isolated containing a NOS pro- 
plasmids with ampicillin-resistance genes were selected 5 moter region and 5' non-translated region. Plasmid 
on plates containing ampicilim. Several clones were pMON66 (shown on FIG. 11) was digested with Xhol 
selected, and the orientation of the inserted chimeric and BamHI to yield a 950 bp fragment containing the 
genes was evaluated by means of cleavage experiments. structural sequence of NPT I. This fragment lacked 
Two clones having plasmids carrying NOS-NPT II- &out 30 nucleotides at the 5' end of the structural se- 
NOS inserts with opposite orientations were selected 10 quence. A synthetic linker containing the missing bases, 
and designated as pMON75 and pMON76, as shown in having appropriate PstI and Xhol ends, was created. 
FIG. 9. The chimeric gene may be isolated by digesting The pMON73 fragment, the pMON66 fragment, and 
either pMON75 or pMON76 with EcoRI and purifying the synthetic linker were ligated together to obtain 
a 1580 bp fragment plasmid pMON78, as shown in FIG. 13, This plasmid 
The foregoing procedure is represented on FIG. 2 by 15 contains the NOS promoter region and 5' non-tran- 
s!e p go slated region adjoined to the NPT I structural sequence. 

This completes the discussion of the NOS-NPTII- The ATG start codoa was in the 5ame position that the 
NOS chimeric gene. Additional information on the ATG . st f« codon of the NOS structural sequence had 
creation of this gene is provided in the Examples. A ,„ oc <; u P !ed - . ^ ^ ^ J 
copy of this chimeric gene is contained in plasmid 20 D Pla Jf d pMON78 was digested with EcoRI and 
pMON128; it may be removed from pMON 128 by di- Bam "Ji°J' e J. d , a 1300 bp £ ag ™, ent ^T^w™ 5 " 
gestion with EcoRI. A culture of R coli containing " c ^9^" . I regions. Double-stranded DN A from 
PMON128 has been deposited with the American Type * e M-2 do * e <<»escnb<rf P"™usly and shown on 
Culture Collection; this culture has been assigned acci „ FI °' 9 > w f d ' SeSted WUh EcoRI and BamHI, to yield 
sion number 39264. 25 * 280 «>P fragment carry mg a NOS 3 non-translated 
t \- 'i-i IlL - i.. .i. » i- region with a poly-adenylation signal. The two frag- 
To prove the utility of this chimeric gene, the App s- ° . , ., K / r.j, i. . 7 
. . ... , , ,. _,. x n,-f T , , mersts described above -were hgated together to create 
cants msened n mto plant ceils The NPTI1 structural ^ NOS . Npx j. NOS chimer f c g which was in . 
sequence was expressed m the plant cells, causing them S£rted imo Sa5mid MQN38 (des 6 cribed above) which 
and their descendants to acquire resistance to concen- iQ had bgen d - d wkh £coRL The (wo resuW ^ 
trat.ons of kanamycm which are normally toxic to plant ^ hav - ng chimerjc genfi insem wi , h Qpposite orfen „ 
cc)ls - tations, were designated as pMON106 and pMON107, 
Creation of NPT I Chimeric Gene as shown in FIG - 14 
, , . . . „ . . . Either of plasmids pMON106 or pMON107 may be 
In an alternate preferred embodiment of this invert- 3S digested with j^ri to yield a K6 kb f ragrneri t conten- 
tion, a chimeric gene was created comprising (1) a NOS ing the chimeric NOS-NPT I-NOS gene. This fragment 
promoter region and 5 non-translated region, (2) a was ; nserted inEQ plasmid p MON!2 0 which had been 
structural sequence which codes for NPT I, and (3) a digeste d with EcoRI and treated with alkaline phospha- 
N ° S p 2.' non-tiansiated region. tase _ The resu]ting lasmids> havjng inserts whh oppo . 

NPT I and NPT II are different and distinct enzymes ^ S!te or j e ntations, were designated as pMON130 and 
with major differences m their amino acid sequences p MON131, as shown on FIG. 15. 
and substrate specificities. See, e.g., E. Beck et al, 1982. xhe NO S-NPT I-NOS chimeric gene was inserted 
The relative stabilities and activities of these two en- into p]ant ce ] hi which acquirer j resistance to kanamy- 
zymes m various types of plant cells are not yet fully cin _ This demonstrates expression of the chimeric gene 
understood, and NPT I may be preferable to NPT II for 45 j n pj ant ce n Si 
use in certain types of experiments and plant transfor- 
mations. Creation of Chimeric Gene with Soybean Promoter 

A 1200 bp fragment containing an entire NPT I gene i„ an alternate preferred embodiment of this inven- 
was obtained by digesting pACYC177 (Chang and Co- t i on , a chimeric gene was created comprising (1) a pro- 
hen, I97S) with the endonuclease, Avail. The Avail 50 mote r region and 5' non-translated region taken from a 
termini were converted to blunt ends with Klenow gerie which naturally exists in soybean; this gene codes 
polymerase, and converted to BamHI termini using a f or the small subunit of ribulose-l,5-bis-phosphate car- 
synthetic linker. This fragment was inserted into a boxyiase (sbss for soybean small subunit); (2) a struc 
unique BamHI site in a pBR327 -derived plasmid, as tural sequence which codes for NPT II, and (3) a NOS 
shown in FIG. 11. The resulting plasmid was designated 55 3" non-translated region, 

as pMON66. Jhe sbss gene codes for a protein in soybean leaves 

Plasmid pMON57 (a deletion derivative of pBR327, which is involved in photosynthetic carbon fixation, 

as shown in FIG. 11) was digested with Avail. The 225 The sbss protein is the most abundant protein in soybean 

bp fragment of pMON57 was replaced by the analogous leaves (accounting for about 10% of the total leaf pro- 

225 bp Avail fragment taken from plasmid pUC8 60 tein), so it is likely that the sbss promoter region causes 

(Vieira and Messing, 1982), to obtain a derivative of prolific transcription. 

pMON57 with no PstI cleavage sites. This plasmid was There ore believed to be approximately six genes 

designated as pMON67. encoding the ss RuBPCase protein in the soybean ge- 

Plasmid pMON58 (described previously and shown nome. One of the members of the ss RuBPCase gene 

in FIG. 7) was digested with EcoRI and BamHI to 65 family, SRS1, which is highly transcribed in soybean 

obtain a 1300 bp fragment carrying the NOS promoter leaves, has been cloned and characterized. The pro- 

and the NPT II structural sequence. This fragment was moter region, 5' nontranstated region, and a portion of 

inserted into pMON67 which had been digested with the structural sequence are contained on a 2.1 kb EcoRI 
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fragment that was subcloned into the EcoRI site of NOS 3' non-translated region with a poly-adenylation 
plasmid pBR325 (Bolivar, 1978). The resultant plasmid, signal. The two fragments were ligated together and 
pSRS2.I, was a gift to Monsanto Company from Dr. R. digested with EcoRI to create an 860 base pair fragment 
B. Meagher, University of Georgia, Athens, Ga. The with EcoRI ends, which contained a BGH-coding 
2.1 kb EcoRI fragment from pSRS2.1 is shown on FIG. 5 structural sequence joined to the NOS 3' non-translated 
16. region. This fragment was introduced into plasmid 

Plasmid pSRS2.1 was prepared from dam~ Exoli pMON38, which had been digested with EcoRI and 
cells, and cleaved with Mbol to obtain an 800 bp frag- treated with alkaline phosphatase, to create a new plas- 
ment. This fragment was inserted into plasmid pKC7 m ja, designated as pMON 108, as shown in FIG. 19. 
(Rao and Rogers, 1979) which had been cleaved with SO a unique Bglil restriction site was introduced at the 
Bglll. The resulting plasmid was designated as 5' enc j Q f the BGH structural sequence by digesting 
pMON121, as shown on FIG. 17. pMON 108 with EcoRI to obtain the 860 bp fragment, 

Plasmid pMON121 was digested with EcoRI and and us j n g Klenow polymerase to create blunt ends on 
Bell, and a 1200 bp fragment containing the sbss pro- tne resulting EcoRI fragment. This fragment was li- 
moter region was isolated. Separately, plasmid IS gated i nto plasmid N25 (a derivative of pBR327 con- 
pMON75 (described previously and shown on FIG. 9) taining a synthetic linker carrying BgiH and Xbal 
was digested with EcoRI and Bglll, and a 1250 bp c i ea vage sites inserted at the BamHI site), which had 
fragment was isolated, containing a NPT II structural heen c ] eaved w j t h xbal and treated with Klenow poly- 
sequence and a NOS 3' non-translated region. The two merase tQ obtain Wunt ends ( N2 5 contains a unique 
fragments were ligated at the compatible BclI/BglH 20 Bgln sjte Jocated !2 bases from the Xbal site). The 
overhangs, to create a 2450 bp fragment containing resu iting plasmid, which contained the 860 bp BGH- 
sbss-NPT II-NOS chimeric gene. This fragment was NQS fragment in the orientation shown in FIG. 20, was 
inserted into P MON120 which had been cleaved with designated as plasmid N25-BGH. This plasmid contains 
EcoRI, to create two plasmids having chimera: gene a uniqu£ Bgin cleavage site located about 2 5 bases from 
inserts with opposite orientations as shown tn FIG. « 25 ^ y ^ of [he BQH structural ^ence. 
The plasmids were designated as pMONM] and plasmjd N2J . BGH prepared from darn- E. coli cells 
pMON142. _ was digested with Bgin and cial to yield an 860 bp 

The sbss-NPTIl-NOS chimeric genes were inserted f * M h cont ? ned the BGH structural sequence 
mto several types of plant cells, causing the plant cells ^ tQ ^ ^ y non . translaEed region . Sepa 4 ratdyt 

to acquire resistance to kanamycin. 30 plasmid pMON 121 (described previously and shown in 

This successful transformation proved that a pro- ? J d fmm dam _ R w/ . ^ and was 

S^I r e w^lan^mTeS digested withllal and Bell to create an 1100 bp frag 
different genus, family, and order of plants. ?™ whlch col f 1 ™* th f e f f S£ P romo ™ 

The chimeric sbss-NPT II-NOS gene also had an- 35 figments were hgated at their compatible BcI/BgIII 
other significant feature. Sequencing experiments indi- ° v ^angs and digested with CM to yield a Clal frag- 
cated that the 800 bp Mbol fragment contained the ™" ° f abou j 2 k f b containing the chimenc *bss-BGH- 
ATG start codon of the sbss structural sequence. NOS gene. This fragment was inserted into pMON120 
Rather than remove this start codon, the Applicants W«cnbed previously and shown in FIG. 10) which had 
decided to insert a stop codon behind it in the same 40 b«n Rested WIth C lal. The resulting plasmids, con- 
reading frame. This created a dicistronic mRNA se- taining the inserted chimeric, gene m opposite onenta- 
quence, which coded for a truncated amino portion of tl0ns were designated P MON147 and pMON148, as 
the sbss polypeptide and a complete NPT II polypep- shown in FIG. 21 _ 

tide. Expression of the NPT II polypeptide was the first An alternate chimenc BGH gene was created which 
proof that a dicistronic mRNA can be translated within 45 contained (1) a NOS promoter region and 5 non-tran- 
plant celts slated re 8 ion - ( 2 ) a structural sequence which codes for 

The sbss promoter is contained in plasmid pMON154, BGH, and (3) a NOS 3' non-translated region, by the 
described below. A culture of K coli containing this following method, shown in FIG, 22. 
plasmid has been deposited with the American Type Masaad P MON76 (described above and shown in 
Culture Center. This culture has been assigned acces- 50 FIG. 9) was digested with EcoRI and Bglll to obtain a 
sion number 39265. 3 0® b P fragment containing a NOS promoter region and 

5' non-translated region. Plasmid N25-BGH prepared 
Creation of BGH Chimeric Genes f f0m darn - & co n ce n s (described above and shown in 

In an alternate preferred embodiment of this inven- FIG. 20) was digested with Bglll and Clal to obtain a 
don, a chimeric gene was created comprising (1) a sbss 55 900 bp fragment containing a BGH structural sequence 
promoter region and 5' non-translated region, (2) a and a NOS 3' non-translated region. These two frag- 
structural sequence which codes for bovine growth ments were ligated together to obtain a chimeric NOS- 
hormone (BGH) and (3) a NOS 3' non-translated re- BGH-NOS gene in a fragment with EcoRI and Clal 
gion. This chimeric gene was created as follows. ends. This fragment was ligated with an 8 kb fragment 

A structural sequence which codes for the polypep- 60 obtained by digesting pMON120 with EcoRI and Clal. 
tide, bovine growth hormone, (see, e.g., Woychik et al, The resulting plasmid, designated as pMON149, is 
1982) was inserted into a pBR322-derived plasmid. The shown in FIG. 22. 

resulting plasmid was designated as plasmid CP-L This f NOS . E p S p. NO S Gene 

plasmid was digested with EcoRI and HmdIII to yield 

a 570 bp fragment containing the structural sequence. 65 In an alternate preferred embodiment, a chimeric 
Double stranded M-2 RF DNA (described previously gene was created comprising (1) a NOS promoter re- 
and shown in FIG. 8) was cleaved with EcoRI and gion and 5' non-translated region, (2) a structural se- 
Hindlll to yield a 290 bp fragment which contained the quence which codes for the E. coli enzyme, 5-enol pyru- 
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vyl shikimate-3-phosphoric acid synthase (EPSP syn- synthase structural sequence with unique BaraHI and 

thase) anti (3) a NOS 3' non-translated region. Bglll sites positioned near the start codon. 

EPSP synthase is believed to be the target enzyme for Double stranded M-2 DNA (described previously 

the herbicide, glyphosate, which is marketed by Mon- and shown in FIG. 8) was digested with Hindlll and 

santo Company under the registered trademark, 5 EcoRI to yield a 290 bp fragment which contains the 

"Roundup." Glyphosate is known to inhibit EPSP syn- NOS 3' non-translated region and poly-adenylation 

thase activity (Amrhein et al, 1980), and amplification signal. This fragment was introduced into a pMON2S 

of the EPSP synthase gene in bacteria is known to in- plasmid that had been digested with EcoRI and Hindlll 

crease their resistance to glyphosate. Therefore, in- to create a plasmid, designated as pMQN146 (shown in 

creasing the level of EPSP synthase activity in plants 10 FIG. 25) which contains the EPSP structural sequence 

may confer resistance to glyphosate in transformed joined to the NOS 3' non-translated region, 

plants. Since glyphosate is toxic to most plants, this pMON146 was cleaved with Clal and Bglll to yield 

provides for a useful method of weed control. Seeds of a 2.3 kb fragment carrying the EPSP structural se- 

a desired crop plant which has been transformed to quence joined to the NOS 3 r non-translated region, 

increase EPSP synthase activity may be planted in a 15 pMON76 (described previously and shown in FIG. 9) 

field. Glyphosate may be applied to the field at concen- was digested with Bglll and EcoRI to create a 310 bp 

trations which will kill all non-transformed plants, leav- fragment containing the NOS promoter region and 5' 

ing the non-transformed plants unharmed. non-translated region. The above fragments were mixed 

An EPSP synthase gene may be isolated by a variety with pMON120 (described previously and shown in 

of means, including the foilowing. A lambda phage 20 FIG. 10) that had been digested with Clal and EcoRI, 

library may be created which carries a variety of DNA and the mixture was ligated. The resulting plasmid, 

fragments produced by Hindlll cleavage of E. coli designated pMON153, is shown in FIG. 26. This plas- 

DNA. See, e.g., Maniatis et al, 1982. mid contains the chimeric NOS-EPSP-NOS gene. 

The EPSP synthase gene is one of the genes which A plasmid containing a chimeric sbss-EPSP-NOS 
are involved in the production of aromatic amino acids. 25 gene wa prepared in the following manner, shown in 
These genes are designated as the "aro" genes; EPSP FIG. 27. Plasmid pMONH6 (described previously and 
synthase is designated as aroA. Cells which do not shown in FIG. 25) was digested with Clal and Bglll, 
contain functional aro genes are designated as aro- and a 2.3 kb fragment was purified. This fragment con- 
cells. Aro - cells must normally be grown on media tained the EPSP synthase structural sequence coupled 
supplemented by aromatic amino acids. See Pittard and 30 to a NOS 3' non-translated region with a poly-adenyla- 
Wallis, 1966. tion signal. Plasmid pMON121 (described above and 

Different lambda phages which carry various Hin- shown in FIG. 17) was digested with Clal and Bell, and 

dill fragments may be used to infect mutant E. coli cells a 1.1 kb fragment was purified. This fragment contains 

which do not have EPSP synthase genes. The infected an sbss promoter region and 5' non-translated region, 

aro- cells may be cultured on media which does not 35 The two fragments were mixed and ligated with T4 

contain the aromatic amino acids, and transformed DNA ligase and subsequently digested with Clal. This 

aro+ clones which are capable of growing on such created a chimeric sbss-EPSP-NOS gene, joined 

media may be selected. Such clones are likely to contain through compatible Bglll and Bell termini. This chime- 

the EPSP synthase gene. Phage particles may be iso- ric gene with Clal termini was inserted into plasmid 

lated from such clones, and DNA may be isolated from 40 pMON120 which had been digested with Clal and 

these phages. The phage DNA may be cleaved with one treated with calf alkaline phosphatase (CAP). The mix- 

or more restriction endonucleases, and by a gradual ture was ligated with T4 DNA ligase. The resulting 

process of analysis, a fragment which contains the mixture of fragments and plasmids was used to trans- 

EPSP synthase gene may be isolated. form £. coli cells, which were selected for resistance to 

Using a procedure similar to the method summarized 45 spectinomycin. A colony of resistant cells was isolated, 

above, the Applicants isolated an 11 kb Hindlll frag- and the plasmid in this colony was designated as 

ment which contained the entire E. coli EPSP synthase pMON154, as shown in FIG. 27. 

gene. This fragment was digested with BgHI to produce A culture of E. coll containing pMON154 has been 

a 3.5 kb Hindlll-Bglll fragment which contained the deposited with the American Type Culture Center, 

entire EPSP synthase gene. This 3.5 kb fragment was 50 This culture has been assigned accession number 39265. 

inserted into plasmid pKC 7 (Rao and Rogers, 1979) to „, „ , , 

produce plasmid pMON4, which is shown in FIG. 23. Means fof ^sertmg Chimeric Genes Into Plant Cells 

Plasmid pMON4 was digested with Clal to yield a 2.5 A variety of methods are known for inserting foreign 

kb fragment which contained the EPSP synthase struc- DNA into plan! cells. One such method, utilized by the 

tural sequence. This fragment was inserted into pBR327 55 Applicants, involved inserting a chimeric gene into Ti 

that had been digested with Clal, to create pMONS, as plasmids carried by A. tumefaciens, and co-cultivating 

shown in FIG. 23. the A. tumefaciens cells with plants. A segment of 

pMONS was digested with BamHI and Ndel to ob- T-DNA carrying the chimeric gene was transferred 

tain a 4.9 kb fragment. This fragment lacked about 200 into the plant genome, causing transformation. This 

nucleotides encoding the amino terminus of the EPSP 60 method is described in detail in two separate, simultane- 

synthase structural sequence. ously-filed in two separate, simultaneously-filed appli- 

The missing nucleotides were replaced by ligating a cations entitled "Plasmids for Transforming Plant 

Hinfl/Ndel fragment, obtained from pMONS as shown Cells," Ser. No. 458,41 1, and "Genetically Transformed 

in FIG. 24, together with a synthetic oligonucleotide Plants," Ser. No. 458,402. The contents of both of those 

sequence containing (1) the EPSP synthase start codon 65 applications are hereby incorporated by reference, 

and the first three nucleotides, {2) a unique Bglll site, A variety of other methods are listed below. These 

and (3) the appropriate BamHI and Hinfl ends. The methods are theoretically capable of inserting the chi- 

resutting plasmid, pMON25, contains an intact EPSP meric genes of this invention into plant cells, although 
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the reported transformation efficiencies achieved to marker, such as a polypeptide which confers n 
date by such methods have been low. The chimeric on the host to a selected antibiotic. The DN A rr 
genes of this invention (especially those chimeric genes ligated to form plasmids, and the piasmrids are used to 
such as NPT I arid NPT II, which may be utilized as transform plant cells which are sensitive to the selected 
selectable markers) are likely to facilitate research on 5 antibiotic. The cells are cultured on media which con- 
methods of inserting DN A into plants or plant cells. tains an appropriate concentration of the selected antibi- 

1. One alternate technique for inserting DNA into otic. Plant cells will survive and reproduce only if the 
plant cells involves the use of lipid vesicles, also called structural sequence is transcribed and translated into the 
liposomes. Liposomes may be utilized to encapsulate polypeptide which confers resistance to the antibiotic, 
one or more DNA molecules. The liposomes and their 10 This is presumed to occur only if the inserted DNA 
DNA contents may be taken up by plant cells; see, e.g., fragment performs the function of a gene promoter; the 
Lurquin, 1981. If the inserted DNA can be incorporated resistant colonies will be evaluated further to determine 
into the plant genome, replicated, and inherited, the whether this is the case. 

plant cells will be transformed. Using this technique, it is possible to evaluate the 

To date, efforts to use liposomes to deliver DNA into 15 promoter regions of bacteria, yeast, fungus, algae, other 
plant cells have not met with great success (Fraley and microorganisms, and animal cells, to determine whether 
Papahadjopoulos, 1981). Only relatively small DNA they also function as gene promoters in various types of 
molecules have been transferred into plant cells by plant cells. It is also possible to evaluate promoters from 
means of liposomes, and none have yet been expressed. one type of plant in other types of plant cells. By using 
However, liposome-delivery technology is still being 20 similar methods and varying the cleavage site in the 
actively developed, and it is likely that methods will be chimeric gene, it is possible to evaluate the performance 
developed for transferring plasmids containing the chi- of any DNA sequence as a 5' non-translated region, a 3' 
meric genes of this invention into plant cells by means non -translated region, a 3' non-translated region, or any 
involving liposomes. type of other regulatory sequence. 

2. Other alternate techniques involve contacting 25 If desired, a partial chimeric gene may be utilized in 
plant cells with DNA which is completed with either this method of evaluating the regulatory effects of vari- 
(a) polycationic substances, such as poIy-L-ornithine ous DNA sequences. For example, the NOS promoter 
(Davey et a), 1980), or (b) calcium phosphate (Kress et region and/or the NOS 5' non-translated region may be 
al, 1982). Although efficiencies of transformation deleted from the NOS-NPT II-NOS chimeric gene, 
achieved to date have been low, these methods are still 30 This would create a chimeric gene having a unique 
being actively researched. cleavage site but no promoter region in front of an NPT 

3. A method has been developed involving the fusion II structural sequence. 

of bacteria, which contain desired plasmids, with plant In case the inserted DNA fragment contains a start 
cells. Such methods involve converting the bacteria codon which might (1) alter the reading frame of the 
into spheroplasts and converting the plant cells into 35 structural sequence, or (2) alter the amino terminus of 
protoplasts. Both of these methods remove the cell wall the polypeptide, it is possible to place an oligonucleo- 
barrier from the bacterial and plant cells, using enzymic tide bet ween the cleavage site and the start codon of the 
digestion. The wo cell types can then be fused together structural sequence. The oligonucleotide would contain 
by exposure to chemical agents, such as polyethylene stop codons in all three reading frames. Therefore, if a 
glycol. See Hasezawa et al, 1981. Although the trans- 40 start codon was included in the inserted DNA frag- 
formation efficiencies achieved to date by this method ment, the gene would be a dicistronic gene. The first 
have been low, similar experiments using fusions of polypeptide would be terminated by whichever stop 
bacterial and animal cells have produced good results; codon happened to be in the reading frame of the in- 
see Rassoulzadegan et al, 1982. serted start codon. The second start codon would begin 

4. Two other methods which have been used success- 45 the translation of a separate polypeptide, which would 
fully to genetically transform animal cells involve (a) be the selectable marker enzyme. 

direct microinjection of DNA into animal cells, using phras£S 
very small glass needles (Capeccht, 1980), and (b) elec- 6 

tric-current-induced uptake of DNA by animal cells A variety of phrases which are used in the claims 
(Wong and Neumann, 1982). Although neither of these 50 must be defined and described to clarify the meaning 
techniques have been utilized to date to transform plant and coverage of the claims. 

cells, they may be useful to insert chimeric genes of this The meaning of any particular term shall be inter- 
invention into plant cells. preted with reference to the text and figures of this 

application. In particular, it is recognized that a variety 
Use of Chimeric Genes to Identify Plant Regulators ;5 of tefms have developed which arE used inconsistently 

The chimeric genes of this invention may be used to in the literature. For example, a variety of meanings 
identify, isolate, and study DNA sequences to deter- have evolved for the term "promoter," some of which 
mine whether they are capable of promoting or other- include the 5' non-translated region and some of which 
wise regulating the expression of genes within plant do not. In an effort to avoid problems of interpretation, 
cells. 60 the Applicants have attempted to define various terms. 

For example, the DNA from any type of cell can be However, such definitions are not presumed or in- 
fragmented, using partial endonuclease digestion or tended to be comprehensive and they shall be inter- 
other methods. The DNA fragments are mixed with preted in light of the relevant literature, 
multiple copies of a chimeric gene which has been The term "chimeric gene" refers to a gene that con- 
cleaved at a unique cleavage site that is located in the 5' 65 tains at least two portions that were derived from differ- 
direction from the ATG start codon of the structural ent and distinct genes. As used herein, this term is lim- 
sequence. Preferably, the structural sequence, if prop- ited to genes which have been assembled, synthesized, 
erly transcribed, will be translated into a selectable or otherwise produced as a result of man-made efforts, 
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and any genes which are replicated or otherwise de- 
rived therefrom. "Man-made efforts" include enzy- 
matic, cellular, and other biological processes, if such 
processes occur under conditions which are caused, 
enhanced, or controlled by human effort or interven- 5 
tion; this excludes genes which are created solely by 
natural processes. 

As used herein, a "gene" is limited to a segment of 
DNA which is normally regarded as a gene by those 
skilled in the an. For example, a plasmid might contain ^ 
a plant-derived promoter region and a heterologous 
structural sequence, but unless those two segments are 
positioned with respect to each other in the plasmid 
such that the promoter region causes the transcription 
of the structural sequence, then those two segments 55 
would not be regarded as included in the same gene. 

This invention relates to chimeric genes which have 
Structural sequences that are "heterologous" with re- 
spect to their promoter regions. This includes at least 
two types of chimeric genes: 

1. DNA of a gene which is Foreign to a plant cell. For 
example, if a structural sequence which codes for mam- 
malian protein or bacterial protein is coupled to a plant 
promoter region, such a gene would be regarded as 2J 
heterologous, 

2. A plant cell gene which is naturally promoted by a 
different plant promoter region. For example, if a struc- 
tural sequence which codes for a plant protein is nor- 
mally conSroHed by a low-quantity promoter, the struc- 30 
tural sequence may be coupled with a prolific promoter. 
This might cause a higher quantity of transcription of 
the structural sequence, thereby leading to plants with 
higher protein content. Such a structural sequence 
would be regarded as heterologous with regard to the J5 
prolific promoter. 

However, it is not essential for this invention that the 
entire structural sequence be heterologous with respect 
to the entire promoter region. For example, a chimeric 
gene of shis invention may be created which would be 40 
translated into a "fusion protein", i.e., a protein com- 
prising polypeptide portions derived from two separate 
structural sequences. This may be accomplished by 
inserting all or part of a heterologous structural se- 
quence into the structural sequence of a plant gene, 45 
somewhere after the start codon of the plant structural 
sequence. 

As used herein, the phrase, "a promoter region de- 
rived from a specified gene" shall include a promoter 
region if one or more parts of the promoter region were 50 
derived from the specified gene. For example, it might 
be discovered that one or more portions of a particular 
plant-derived promoter region (such as intervening 
region 8, shown on FIG. 1) might be replaced by one or 
more sequences derived from a different gene, such as 55 
the gene that contains the heterologous structural se- 
quence, without reducing the expression of the resulting 
chimeric gene in a particular type of host ceil. Such a 
chimeric gene would contain a plant-derived associa- 
tion region 2, intervening region 4, and transcription 60 
initiation sequence 6, followed by heterologous inter- 
vening region 8, 5' non-translated region 10 and struc- 
tural sequence 14. Such a chimeric gene is within the 
scope of this invention. 

As used herein, the phrase "derived from" shall be 65 
construed broadly. For example, a structural sequence 
may be "derived from" a particular gene by a variety of 
processes, including the following: 



1. the gene may be reproduced by various means such as 
inserting it into a plasmid and replicating the plasmid 
by cell culturing, in vitro replication, or other meth- 
ods, and the desired sequence may be obtained from 
the DNA copies by various means such as endonucie- 
ase digestion; 

2. mRNA which was coded for by the gene may be 
obtained and processed in various ways, such as pre- 
paring complementary DNA from the mRNA and 
then digesting the cDNA with endonucleases; 

3. the sequence of bases in the structural sequence may 
be determined by various methods, such as endonu- 
clease mapping or the Maxarn-Gilbert method. A 
strand of DNA which duplicates or approximates the 
desired sequence may be created by various methods, 
such as chemical synthesis or ligation of oligonucleo- 
tide fragments. 

4. a structural sequence of bases may be deduced by 
applying the genetic code to the sequence of amino 
acid residues in a polypeptide. Usually, a variety of 
DNA structural sequences may be determined for 
any polypeptide, because of the redundancy of the 
genetic code. From this variety, a desired sequence of 
bases may be selected, and a strand of DNA having 
the selected sequence may be created. 

If desired, any DNA sequence may be modified by 
substituting certain bases for the existing bases. Such 
modifications may be performed for a variety of rea- 
sons. For example, one or more bases in a sequence may- 
be replaced by other bases in order to create or delete a 
cleavage site for a particular endonuclease. As another 
example, one or more bases in a sequence may be re- 
placed in order to reduce the occurrence of "stem and 
loop" structures in messenger RNA. Such modified 
sequences are within the scope of this invention. 

A structural sequence may contain introns and exons; 
such a structural sequence may be derived from DNA, 
or from an mRNA primary transcript. Alternately, a 
structural sequence may be derived from processed 
mRNA, from which one or more introns have been 
deleted. 

The Applicants have deposited two cultures of E. coli 
cells containing plasmids pMON128 and pMON154 
with the American Type Culture Collection (ATCC). 
These cells have been assigned ATCC accession num- 
bers 39264 and 39265, respectively. The Applicants 
have claimed cultures of microorganisms having the 
"relevant characteristics" of either culture. As used 
herein, the "relevant characteristics" of a cell culture 
are limited to those characteristics which make the 
culture suitable for a use which is disclosed, suggested 
or made possible by the information contained herein. 
Numerous characteristics of the culture may be modi- 
fied by techniques known to those skilled in the art; for 
example, the cells may be made resistant to a particular 
antibiotic by insertion of a particular plasmid or gene 
into the cells, or the pMON128 or pMONI54 plasmids 
might be removed from the designated cells and in- 
serted into a different strain of cells. Such variations are 
within the scope of this invention, even though they 
may amount to improvements, which undoubtedly will 
occur after more researchers gain access to these cell 
cultures. 

Those skilled in the art will recognize, or be able to 
ascertain using no more than routine experimentation, 
numerous equivalents to the specific embodiments de- 
scribed herein. Such equivalents are within the scope of 
this invention. 
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revealed that ten of the twelve contained no Smal site 

EXAMPLES and a sjng | e Bam Hl site, and were of the appropriate 

Example 1 Creation of pMONlOQl size, 4.2 kb. The piasmid from one of the ten colonies 

Fifty micrograms (ug) of lambda phage bbkan-1 was designated as pMON40, as shown in FIG. 6. 

DNA (Berg at al ( 1975) were digested with 100 units of 5 Examp i e 3: Creation of NOS Promoter Fragment 
Hindi II (all restriction endonucleases were obtained 

from New England Biotabs, Beverly, Mass., and were An oligonucleotide with the following sequence, 

used with buffers according to the supplier's instnic S'-TGCAGATTATTTGG-S', was synthesized (Beau- 

tions, unless otherwise specified) for 2 hr at 37" C. After cage and Carruthers, 198 1, as modified by Adams et al, 

heat-inactivation (70° C, 10 min), the 3.3 kb Tn5 Hin- 10 1982). This oligonucleotide contained a "P radioactive 

dill fragment was purified on a sucrose gradient. One label, which was added to the 5' thymidine residue by 

ug of the purified Hindill fragment was digested with polynucleotide kinase. 

BamHI (2 units, \ hr, 37° C), to create a 1.8 kb frag- An Ml! 3 mp7 derivative, designated as SI A, was 

ment. The endonuclease was heat inactivated. given to Applicants by M. Be van and M.-D. Chilton, 

Flasmid pBR327 (Soberon et al, 1981), 1 ug, was 15 Washington University, St. Louis, Mo. To the best of 

digested with Hindill and BamHI ( 2 units each, 2 hr, Applicants' knowledge and belief, the S1A DNA was 

37* C.) Following digestion, the endonucleases were obtained by the following method. A pTiT37 piasmid 

heat inactivated and the cleaved pBR327 DNA was was digested with Hindill, and a 3.4 kb fragment was 

added to the BamHI-Hindlll Tn5 fragments. After isolated and designated as the HindIH-23 fragment, 

addition of ATP to a concentration of 0.75 mM, 10 units 2 0 This fragment was digested with Sau3a, to create a 344 

Of T4 DNA ligase (prepared by the method of Murray D p fragment with Sau3a ends. This fragment was in- 

el at, 1979) was added, and the reaction was allowed to sertec j ; nt o double-stranded, replicative form DNA 

continue for 16 hours at I2°-14' C. One unit of T4 from the Ml3 mp7 phage vector (Messing et al, 193!) 

DNA ligase will give 90% circularization of one ug of which had teen cut with BamHI. Two recombinant 

Hindlll-cleaved pBR327 piasmid in 5 minutes at 22° C. " phages wkh m bp .^ n& resu ited, one of which con- 

The ligated DNA was used to transform CaC] 2 - tained the anti-sense strand of the NOS promoter frag- 

shocked E. coli C600 recA56 cells (Mamatis et al, 1982). ment That recom binant phage was designated as SIA, 

After expression in Luria broth (LB) for 1 hour at 37 and & dona , was iven (0 tbc Applicarrts . 

the cells were spread on solid LB media p ates contain- The A Iicant5 ed the single . stranded fonn 0 f 

mg 200 ug/ml ampiallin and 40 ug/ml kanamyem. 30 ^ ^ ^ fi ^ h 

Following 16 hour incubation at 37 C, several hun- 0 . c ^ coo]ed r0Qm t ature) 

dred colon.es appeared. Piasmid rmm-prep DNA was oligonucleotide, mentioned 

?aX r rf J' 0 " 1 « SIX J f - (, t X n above. The oligonucleotide annealed to the Sau3a insert 

1981). Endonuclease digestion showed that all six of the , ,..,!. . _„„ , , - 

plasmids carried the 18 kb HindlH-BamHI fragment. 35 al ^^l*? sh °7 ° n ^, 4 ™ d f.' , 

One of those isolates was designated as pMONlOOl as .200 ul of the SIA template ^annealed oligonucteo- 

h Fir fi tide were mixed with the four dNTP s (present at a final 
concentration of 1 mM, 25 ul) and SO ul of Klenow 

Example 2: Creation of pMON40 polymerase. The mixture incubated for 30 minutes at 

Five ug of piasmid pMONlOOl (described in Exam- 40 "xaa temperature. During this period, the polymerase 

pie 1) was digested with Smal. The reaction was termi- added dNTP's to the 3 end of the ohgonucleogide. The 

nated by phenol extraction, and the DNA was precipi- polymerase was heat-inactivated (70° C, 3 mm), and 

tated by ethanot. A BamHI linker CCGGATCCGG HaelH (160 units) were added. The mixture was mcu- 

(0.1 ug), which had been phosphorylated with ATP and bated (1 hour, 55° C), the Haelll was inactivated (70 

T4 polynucleotide kinase {Bethesda Research Labora- 45 C., 3 mm), and the four dNTP's (1 mM, 12 ul) and T4 

tory, Rockville, Md.) was added to 1 ug of the DNA polymerase {50 units) were added. The mixture 

pMONlOOl fragment. The mixture was treated with T4 was incubated (1 hour, 37° C.) and the polymerase was 

DNA ligase (100 units) for 18 hours at 14* C. After inactivated (70* C, 3 mm). This yielded a fragment of 

heating at 70' C. for 10 min to inactivate the DNA about 370 bp. EcoRI (150 units) was added, the mixture 

ligase, the DNA mixture was digested with BamHI 50 was incubated (1 hour, 37° C.) and the EcoRI was mac- 

endonudease (20 units, 3 hours, 37° C.) and separated tivated (70" C, 3 min). 

by electrophoresis on an 0.5% agarose gel. The band Aliquots of the mixture were separated on 6% acryl- 

corresponding to the 4.2 kb Smal-BamHE vector frag- amide with 25% glycerol. Autoradiography revealed a 

ment was excised from the gel. The 4.2 kb fragment was radioactively labelled band about 310 bp in size. This 

purified by absorption on glass beads (Vogelstein and 55 band was excised. The foregoing procedure is indicated 

Gillespie, 1979), ethanol precipitated and resuspended by FIG. 5. 

in 20 ul of DNA iigase buffer with ATP. T4 DNA Je Cfeation 5g 

hgase (20 units) was added and the mixture was mcu- r r 

bated for 1.5 hours at room temperature. The DNA was Five ug of piasmid pMON40 (described in Example 

mixed with rubidium chloride-shocked in & coli C600 60 2) were digested with Bglll (10 units, 1.5 hour, 37° C), 

cells for DNA transformation. (Maniatis et al, 1982). and the Bglll was inactivated (70° C, 10 min). The four 

After expression for 1 hour at 37° C. in LB, the cells dNTP's (ImM, 5 ul) and Klenow polymerase (8 units) 

were spread on LB plates containing 200 ug/ml of am- were added, the mixture was incubated (37° C, 40 min), 

picillin and 20 ug/ml kanamycin. The plates were incu- and the polymerase was inactivated (70° C, 10 rain), 

bated at 37° C. for 16 hours. Twelve ampicillin-resist- 65 EcoRI (10 units) was added and incubated (1 hour, 37° 

ant, kattamycin-resistaisl colonies were chosen, 2 mi C), and calf alkaline phosphatase (CAP) was added and 

cultures were grown, and mini-plasmid preparations incubated (1 hour, 37° C). A fragment of about 3.9 kb 

were performed Endonuclease mapping of the plasmids was purified on agarose gel using NA-45 membrane 
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(Scheicher and Scheull, Keene NH). The fragment (1.0 again 42 bp from the end nearest the NOS coding re- 

pM) was mixed with the NOS promoter fragment (0.1 gion. Two clones of each orientation were obtained. 

pM), described in Example 3, and with T4 DNA ligase One clone, digested as M-2 as shown in FIG. 8, con- 

(100 units). The mixture was incubated (4° C, 16 hr). tained the 260 bp fragment with the EcoRI site at the 3' 

The resulting plasmids were inserted into E. coli cells, 5 end of the fragment. M-2 RF DNA was prepared using 

which were selected on media containing 200 ug/ml the procedures of Messing, et a! 1981. 

ampicillin. Thirty-six clonal Amp (g) colonies were se- „ , , _ . . . 

iected, and mini-preps of plasmids were made from Exam P le 7: Creatlon of P MON75 and P MON76 

those colonies. The piasmid from one coiony demon- Fifty ug of M-2 RF DNA (described in Example 6) 

strated a 308 bp EcoRI-BgfU fragment, a new Sstll 10 were digested with 50 units of EcoRI and 50 units of 

cleavage site carried by the 308 bp NOS fragment, and BamHI for 2 hours at 37°. The 270 bp fragment (1 ug) 

a new Est I site , This piasmid was designated as was purified using agarose ge! and NA-45 membrane. 

pMON58, as shown in FIG. 7. pMON58 DNA was Piasmid pMON58 (described in Example 4) was di- 

prepared as described above. gested with EcoRI and BamHI (50 ug, 50 units each, 2 

_ . , _ , !5 hours, 37° C.) and the 1300 bp fragment was purified 

Example 5: Creation of P MON42 usiftg NA _ 45 membrane , xhe 270 bp EcoRI-BarnHI (0. 1 

Piasmid pBR325-HmdIII-23, a derivative of piasmid ug) and 1 300 bp EcoRI-BamHI (0.5 ug) fragments were 

pBR325 (Bolivar, 1978) carrying the HindIII-23 frag- mixed, treated with T4 DNA ligase (2 units) for 12 

ment of pTIT37 (see FIG. 3) in the Hindlll site, was hours at 14° C. After heating at 70° C. for 10 minutes to 

given to Applicants by M. Bevan and M.-D. Chilton, 20 inactivate the ligase, the mixture was treated with 

Washington University, St. Louis, Mo. DNA of this EcoRI (10 units) for 1 hour at 37° C, then heated to 70° 

piasmid was prepared and 30 ug were digested with C. for 10 minutes to inactivate the EcoRI, This com- 

Hindlll (50 units) and BamHI (50 units). The i.l kb pleted the assembly of a chimeric NOS-NPT II-NOS 

Hindlll-BamHI fragment was purified by adsorption on gene on a 1.6 kb fragment, as shown on FIG, 9. 

glass beads (Vogelstein and Gillespie, 1979) after aga- 25 Piasmid pMON38 is a clone of the pTiT37 HindIII-23 

rose gel electrophoresis. The purified fragment (0.5 ug) fragment inserted in the Hindlll site of pBR327 (So- 

was added to 0.5 ug of the 2.9 kb Hindlll-BamHI frag- beron, et al 1980). pMON38 DNA (20 ug) was digested 

ment of pBR327. After treatment with DNA ligase (20 with EeoRI (20 units, 2 hours, 37° C.) and calf alkaline 

units, 4 hours, 22" C), the resulting plasmids were intra- phosphatase (0.2 units, 1 hour, 37° C.) The pMON38 

duced to £, coli C600 cells. Clones resistant to ampicil- 30 DNA reaction was extracted with phenol, precipitated 

iin at 200 ug/ml were selected on solid media; 220 with ethanol, dried and resuspended in 20 ul of 10 mM 

clones were obtained. Minipreps of piasmid DNA were Tris-HCl, 1 mM EDTA, pH 8. 

made from six of these clones and tested with the pres- 0.2 ug of the cleaved pMON38 DNA was added to 

ence of a 1.1 kb fragment after digestion with Hindlll the chimeric gene mixture described above. The mix- 

and BamHI, One piasmid which demonstrated the cor- 35 Sure was treated with T4 DNA ligase (4 units, 1 hour, 

rect insert was designated pMON42, Piasmid pMON42 22° C) and mixed with Rb chloride-treated R coli C600 

DNA was prepared as described in previous examples. rec,A56 ceils to obtain transformation. After plating 

_ , , _ nr,-,^, w„ with selection for ampicillin-resistant (200 ug/ml) coio- 

Example 6: Creation of M13 Clone M-2 nies _ 63 p0Jemia] ca £ didates were Xxzinl Alkaline 

Seventy-five ug of piasmid pMON42 (described in 40 mini-preps of piasmid DNA were made from 12 of these 

Example 5) prepared from dam- R coli cells were and screened by restriction endonuclease digestion for 

digested with Rsal and BamHI (50 units of each, 3 the proper constructs. Piasmid DNA's that contained a 

hours, 37° C.) and the 720 bp Rsal-BamHI fragment 1.5 kb EcoRI fragment and a new Bgll site were di- 

was purified using NA-45 membrane. Eight ug of the gested with BamHI to determine the orientation of the 

purified 720 bp BamHI-Rsal fragment were digested 45 1.5 kb EcoRI fragment. One of each insert orientation 

with Mbol (10 rain, 70° C), the ends were made blunt was picked. One piasmid was designated pMON75 and 

by filling in with the large Kienow fragment of DNA the other pMON76, as shown in FIG. 9. DNA from 

polymerase I and the-four dNTP's. Then 0,1 ug of the these plasmids were prepared as described in previous 

resulting DNA mixture was added to 0.05 ug of M!3 examples. 

mp8 previously digested with Smal (1 unit. 1 hour 37° 50 _ , „ _ . , , ^ „„ „ 

C.) and calf alkaline phosphatase (0.2 units). After liga- Example 8; Creation of plasmids pMON 128 and 

tion (10 units of T4 DNA ligase, 16 hours, 12° C.) and pMON129 

transfection of E coli JM101 cells, several hundred The 1.5 kb EcoRI fragment was excised by EcoRI 

recombinant phage were obtained. Duplex RF DNA digestion from either pMON75 or pMON76 and puri- 

was prepared from twelve recombinant, phage-carrying 55 Tied after agarose gel electrophoresis as described in 

clones. The RF DNA (0. 1 ug) was cleaved with EcoRI, previous examples. Five ug of DNA from piasmid 

(1 unit, 1 hour, 37° C), end-labeled with 32 P-dATP and pMON120 was digested with EcoRI and treated with 

Kienow polymerase, and re-digested with BamHI (1 calf alkaline phosphatase. After phenol deproteimzation 

unit, 1 hour, 37" C). The EcoRI and BamHI sites span and ethanol precipitation, the EcoRI-cleaved 

the Smal site. Therefore, clones containing the 260 bp 60 pMONI 20 linear DNA was mixed with 0.5 ug of the 1.5 

Mbol fragment could be identified as yielding a labelled kb EcoRI chimeric gene fragment. The mixture was 

270 bp fragment after electrophoresis on 6% poly- treated with 2 units of T4 DNA ligase for 1 hour at 22° 

acrylamide gels and autoradiography. Four of the C, After transformation of E. coli cells and (Maniatis, et 

twelve clones carried this fragment. The orientation of al, 1982) selection of colonies resistant to spectinomycin 

the insert was determined by digestion of the EcoRI- 65 (50 ug/ml), several thousand colonies appeared. Six of 

cleaved, end-labeled RF DNA (0.1 ug) with Hinfl (1 these were picked, grown, and piasmid mini-preps 

unit, 1 hour, 37° C). Hinfl cleaves the 260 bp Mbol made. The piasmid DNA's were digested with EcoRI 

fragment once 99 bp from the 3' end of the fragment and to check for the 1.5 kb chimeric gene insert and with 
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BamHI to determine the orientation of the insert. 
BamHI digestion showed that in pMON128 the chime- 
ric gene was transcribed in the same direction as the 
intact nopahne synthase gene of pMON120. The orien- 
tation of the insert in pMON129 was opposite that in 
pMON128; the appearance of an additional 1.5 kb 
BamHI fragment in digests of pMONI29 showed that 
plasmid pMON129 carried a tandem duplication of the 
chimeric NOS-NPT II-NOS gene, as shown in FIG. 10. 
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We claim: 

1. A chimeric gene capable of expressing a polypep- 
tide in plant comprising in sequence: 

^ Q a) a promoter region from a gene selected from the 
group consisting of an Agrobacterium tume/aciens 
opine synthase gene and a ribulose-1.5-bis-phos- 
phate carboxylase small subunit gene; 

b) a structural DNA sequence encoding a polypep- 
3 j tide that permits the selection of transformed plant 

cells containing said chimeric gene by rendering 
said plant cells resistant to an amount of an antibi- 
otic that would be toxic to non-transformed plant 
cells, said structural DNA sequence being heterol- 
40 ogous with respect to the promoter region; and 

c) a 3' non-translated region of a gene naturally ex- 
pressed in plants, said region encoding a signal 
sequence for polyadenylation of mRNA. 

2. A gene of claim I in which the poiypeptide renders 
45 transformed plant cells resistant to an amount of an 

aminoglycoside antibiotic that would be toxic to non- 
transformed plant cells. 

3. A gene of claim 2 in which the polypeptide is a 
neomycin phosphotransferase. 

4. A gene of claim 1 in which the 3' non-translated 
region is selected from a gene from the group consisting 
of the genes of the T-DNA region of Agrobacterium 

5. A gene of claim 1 in which the 3' non-translated 
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55 region is from the nopaiine synthase gene of agrobacte- 
rium tume/aciens. 

6. A chimeric gene comprising in sequence: 

(a) a promoter region from a gene selected from the 
group consisting of an Agrobacterium tume/aciens 
opine synthase gene and a ribulose-1.5-bis-phos- 
phate carboxylase small subunit gene; 

(b) a heterologous structural DNA sequence encod- 
ing a neomycin phosphotransferase; and 

(c) a 3' non-translated region of a gene naturally ex- 
pressed in plant cells, said region encoding a signal 
sequence for polyadenylation of mRNA. 

7. A gene of claim 6 in which the 3' non-translated 
region is selected from a gene from the group consisting 
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of the genes of the T-DNA region of Agrobacterium 
tumefaciens. 

8. A gene of claim 6 in which the 3' non-translated 
region is from the nopaline synthase gene of Agrobacte- 

n tumefaciens. 

9. A microorganism containing a chimeric gene of 

10. A microorganism containing a chimeric gene of 
aim 2. 

11. A microorganism containing a chimeric gene of 
aim 6. 

12. A microorganism containing a chimeric gene of 
aim 3. 

13. A cuiture of microorganisms of claim 9. 

14. A cuiture of claim 13 in which the microorganism 

15. A culture of claim 13 in which the microorganism 
is Agrobacterium tumefaciens. 

16. A culture of claim 13 identified by ATCC Acces- ' 
sion Number 39264. 

17. A gene of ciaim 3 wherein said polypeptide is 
neomycin phosphotransferase I. 

18. A gene of ciaim 3 wherein said polypeptide is ; 
neomycin phosphotransferase II, 

19. A gene of claim 1 wherein said structural DNA 
sequence encodes for a neomycin phosphotransferase 
gene. 
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20. A gene of claim 19 wherein said structural DNA 
sequence encodes for a neomycin phosphotransferase I 
gene. 

21. A gene of claim 19 wherein said structural DNA 
sequence encodes for a neomycin phosphotransferase II 
gene. 

22. A gene of claim 6 wherein said heterologous 
structural DNA sequence is a neomycin phosphotrans- 
ferase I gene. 

23. A gene of claim 6 wherein said heterologous 
structural DNA sequence is a neomycin phosphotrans- 
ferase II gene. 

24. A microorganism containing a chimeric gene of 
claim 17. 

25. A microorganism 
claim 18. 

26. A microorganism 
claim 19. 

27. A microorganism com 
i claim 20. 

28. A microorganism 
claim 21. 

29. A microorganism 
claim -22. 

30. A microorganism 
ciaim 23. 

31. A microorganism identified by ATCC Accession 
Number 39264. 
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particular type of virus is capable of infecting any par- 
ticular genus, species, or strain of cells. As used herein, 
the term "plant virus" is used to designate a virus which 
is capable of infecting one or more types of plant cells, 

RELATED APPLICATIONS 5 regardless of whether it can infect other types of cells. 

This is a File Wrapper continuation of application With the possible exception of viroids (which are 

Ser. No. 07/625,637, filed Dec. 7, 1990, now aban- poorly understood at present), every viral particle must 

doned, which is a continuation of U.S. Ser. No. contain at least one gene which can be "expressed" in 

06/931,492, filed Nov. 17, 1986, now abandoned, which infected host cells. The expression of a gene requires 

is a continuation-in-part of U.S. Ser. No. 06/485,568, 10 that a segment of DNA or RNA must be transcribed 

filed Apr. 15, 1983, now abandoned, which is a con- into or function as a strand of messenger RNA 

tinuation-in-part of U.S. Ser. No. 06/458,414, filed Jan. (mRNA), and the mRNA must be translated into a 

17, 1983, now abandoned. polypeptide. Most viruses have about 5 to 10 different 

T-cr-uxiTr- a t uitjt t-» . genes, all of which are expressed in a suitable host cell. 

TECHNICAL FIELD i5 order to be expresS ed in a cell, a gene must have a 

This invention is in the fields of genetic engineering promoter which is recognized by certain enzymes in the 

and plant biology. cell. Gene promoters are discussed in some detail in the 

BACKGROUND ART parent application Ser. No. 458,414 cited above, the 
contents of which are incorporated herein by reference. 

A virus is a microorganism comprising single or don- 20 Those skilled in the art recognize that the expression of 

ble stranded nucleic acid (DNA or RMA) contained a particular gene to yield a polypeptide is dependent 

within a protein (and possibly lipid) shell called a "cap- upoa two distinct cellular processes. A region of the 5' 

sad or coat \ A virus is smaller than a cell, and it does ^ of tht called ^ promoter , initiates transcrip- 

not contain most of the components and substances tion of ths gene t0 produce a mRNA ^cnpt. The 

necessary to conduct most biochemical processes. In- 25 h ^ at the of t0 

stead, a vmismfects a cell and uses the cellular pro- ^ m polvpeptidei Thereforei it is evident 

■ vk^a a • eu that although the promoter may function properly, 

™zJ£ss ^s^iixzr^^ - «£« 

be disregarded in this introduction for the sake of dar- 30 £ ^ ?« post-transcnptional processmg of the mRNA 

ity. First, a virus attaches to or enters a cell, normally tra nscnpt. 

called a "host" cell. The DNA from the virus (and Promoters from viral genes have been utilized in a 
possibly the entire viral particle) enters the host cell v ?™S r . ? MletlC "S** 01 * "PPlfcalioa* For exam- 
where it usually operates as a plasnrid (a loop of extra- P le ' chm f nc g™es have been constructed osing various 
chromosomal DNA). The viral DNA is transcribed into 35 structural sequences (also called coding sequences) 
messenger RNA, which is translated into one or more takm ftom baotenal Senes, coupled to promoters taken 
polypeptides. Some of these polypeptides are assembled from viruses which can infect mammalian cell(the most 
into new capsids, while others act as enzymes to cata- commonly used mammalian viruses are designated as 
lyze various biochemical reactions. The viral DNA is Simian Virus 40 (SV40) and Herpes Simplex Virus 
also replicated and assembled with the capsid polypep- 40 (HSV». These chimeric genes have been used to trans- 
tides to form new viral particles. These viral particles t" 0 ™ mammalian cells. See, e.g., Mulligan et al 1979; 
may be released gradually by the host cell, or they may Southern and Berg 1982. In addition, chimeric genes 
cause the host cell to lyse and release them. The re- ustng promoters taken from viruses which can infect 
leased viral particles subsequently infect new host cells. bacterial cells have been used to transform bacterial 
For more background information cm viruses see, e.g., 45 cells; see, e.g., the phage lambda Fx promoter discussed 
Stryer, 1981 and Matthews, 1970 (note: all references Maniatis et al, 1982. 

cited herein, other than patents, are listed with citations Several researchers have theorized that it might be 
after the examples). possible to utilize plant viruses as vectors for transform- 
As used herein, the term "virus" includes phages and ing plant cells. See, e.g., Holm et al, 1982. In general, a 
viroids, as well as replicative intermediates. As used 50 "vector" is a DNA molecule useful for transferring one 
herein, the phrases "viral nucleic acid" and DNA or °* more genes into a cell. Usually, a desired gene is 
RNA derived from a virus" are construed broadly to inserted into a vector, and the vector is then used to 
include any DNA or RNA that is obtained or derived infect the host cell. 

from the nucleic acid of a virus. For example, a DNA Several researchers have theorized that it might be 

strand created by using a viral RNA strand as a tern- 55 possible to create chimeric genes which are capable of 

plate, or by chemical synthesis to create a known se- being expressed in plant cells, by using promoters de- 

quence of bases determined by analyzing viral DNA, rived from plant virus genes. See, e.g., Hohn et al, 1982, 

would be regarded as viral nucleic acid. at page 216. 

The host range of any virus (i.e., the variety of cells However, despite the efforts of numerous research 

that a type of virus is capable of infecting) is limited. 60 teams, prior to this invention no one had succeeded in 

Some viruses are capable of efficient infection of only (1) creating a chimeric gene comprising a plant virus 

certain types of bacteria; other viruses can infect only promoter coupled to a heterologous structural sequence 

plants, and may be limited to certain genera; some vi- and (2) demonstrating the expression of such a gene to 

ruses can infect only mammalian cells. Viral infection of any type of plant cell. 

a cell requires more than mere entry of the viral DNA 65 „ , TTr . , _ 

or RNA into the host cell; viral particles must be repro- CAULIFLOWER MOSAIC VIRUS (CaMV) 
duced within the cell. Through various assays, those The entire DNA sequence of CaMV has been pub- 
skilled in the art can readily determine whether any Hshed. Gardner et al, 1981; Hohn et al, 1982. In its most 



common form, the CaMV genome is about 8000 bp 
long. However, various naturally occurring infective 
mutants which have deleted about 500 bp have been 
discovered; see Howarth et al 1981. The entire CaMV 
genome is transcribed into a single mRNA, termed the 5 
"full-length transcript" having a sedimentation coeffici- 
ent of about 35S. The promoter for the fall-length 
mRNA (hereinafter referred to as "CaMV(35S)") is 
located in the large intergenic region about 1 kb coun- 
terclockwise from Gap I (see Guilley et al, 1982). 1° 

CaMV is believed to generate at least eight proteins; 
the corresponding genes are designated as Genes I 
through VIII. Gene VI is transcribed into mRNA with 
a sedimentation coefficient of 19S. The 19S mRNA is 
translated into a protein designated as P66, which is an 15 
inclusion body protein. The 19S mRNA is promoted by 
the 19S promoter, located about 2.5 kb counterclock- 
wise from Gap 1. 

SUMMARY OF THE INVENTION 20 
In one aspect, the present invention relates to the use 
of viral promoters in the expression of chimeric genes in 
plant cells. In another aspect this invention relates to 
chimeric genes which are capable of being expressed in 
plant cells, which utilize promoter regions derived from 
viruses which are capable of infecting plant cells. One 
such virus comprises the cauliflower mosaic virus 
(CaMV). Two different promoter regions have been 
derived from the CaMV genome and ligated to heterol- 3Q 
ogous coding sequences to form chimeric genes. These 
chimeric genes have been proven to be expressed in 
plant cells. This invention also relates to plant cells, 
plant tissue (including seeds and propagules), and differ- 
entiated plants which have been transformed to contain 35 
viral promoters and express the chimeric genes of this 
invention, and to polypeptides that are generated in 
plant cells by the chimeric genes of this invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

40 

The figures herein are schematic representations; 
they have not been drawn to scale. 

FIG. 1 represents the creation and structure of plas- 
mid pMON93. 

FIG. 2 represents the creation and structure of plas- 45 
mid pMON156, 

FIG. 3 represents the creation and structure of plas- 
mid pMONI 10. 

FIG. 4 represents the creation and structure of plas- 
mid pMON132. 50 

FIG. 5 represents the creation and structure of plas- 
mid pMON155. 

FIG. 6 represents the creation and structure of plas- 
mid pMONSl. 

FIG. 7 represents the creation and structure of plas- 55 
mid pMON125. 

FIG. 8 represents the creation and structure of plas- 
mid pMON172. 

FIG. 9 represents the creation and structure of phage 
M12. 60 

FIG. 10 represents the creation and structure of plas- 
mids pMON183 and pMON184. 



In one preferred embodiment of this invention, a 
chimeric gene was created which contained the follow- 
ing elements: 



1. a promoter region and a 5' non-translated region 
derived from the CaMV (19S) gene, which codes 
for the P66 protein; 

2. a partial coding sequence from the CaMV (19S) 
gene, including an ATG start codon and several 
internal ATG sequences, all of which were in the 
same frame as a TGA termination sequence imme- 
diately inside the desired ATG start codon of the 
NPTII gene; 

3 3. a structural sequence derived from a neomycin 
phosphotransferase II (NPTII) gene; this sequence 
was preceded by a spurious ATG sequence, which 
was in the same reading frame as a TGA sequence 
within the NPTII structural sequence; and, 
S 4. a 3' non-translated region, including a poly-adeny- 
lation signal, derived from a nopaline synthase 
(NOS) gene. 

This chimeric gene, referred to herein as the 
CaMV(19S>NPTII-NOS gene, was inserted into plas- 
3 mid pMON120 (described in the parent application, Ser. 
No. 458,414; ATCC accession number 39263) to create 
a plasmid designated as pMON156. Plasmid pMON156 
was inserted into an Agrobacterium tumefaciens cell, 
where it formed a co-integrate Ti plasmid by means of 
5 a single crossover event with a Ti plasmid in the A. 
tumefaciens cell, using a method described in the parent 
application. The chimeric gene in the co-integrate plas- 
mid was within a modified T-DNA region in the Ti 
plasmid, surrounded by left and right T-DNA borders. 
3 A, tumefaciens cells containing the co-integrate Ti 
plasmids with the CaMV(19S)-NPTH-NOS genes were 
used to infect plant cells, using a method described in 
the parent application. Some of the plant cells were 
genetically transformed, causing them to become resis- 
5 tant to an antibiotic (kanamycin) at concentrations 
which are toxic to untransformed plant cells. 

A similar chimeric gene was created and assembled in 
a plasmid designated as pMON155. This chimeric gene 
resembled the gene in pMON156, with two exceptions: 
3 1. an oligonucleotide linker having stop codons in all 
three reading frames was inserted between the 
CaMV(19S) partial structural sequence and the 
NPTII structural sequence; and, 
2. the spurious ATG sequence on the 5' side of the 
5 NPTII structural sequence was deleted. 

The construction of this chimeric gene is described in 
Example 2. This gene was inserted into A tumefaciens 
cells and subsequently into plant cells. Its level of ex- 
pression was apparently higher than the expression of 
3 the similar gene in pMON156, as assayed by growth on 
higher concentrations of kanamycin. 

CREATION OF PLASMIDS pMON183 and 184; 
CaMV(35S) 

5 In an alternate preferred embodiment of this inven- 
tion, a chimeric gene was created comprising 

(1) a promoter region which causes transcription of 
the 35S mRNA of cauliflower mosaic virus, 
CaMV(3SS); 

3 (2) a structural sequence which codes for NPTII; and 
(3) a nopaline synthase (NOS) 3' non-translated re- 
gion. 

The assembly of this chimeric gene is described in 
Example 3. This gene was inserted into plant cells and it 
S caused them to become resistant to kanamycin. 

Petunia plants cannot normally be infected by 
CaMV. Those skilled in the art may determine through 
routine experimentation whether any particular plant 
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viral promoter (such as the CaMV promoter) will nine- co-integrate Ti plasmid having the CaMV(19S>NPTn- 

tion at satisfactory levels in any particular type of plant NOS chimeric gene surrounded by T-DNA borders. A. 

cell, including plant cells that are outside of the normal tumefaciens cells containing the co-integrate plasmids 

host range of the virus from which the promoter was wer e co-cultivated with petunia cells. The foregoing 

derived. 5 methods are described in detail in a separate application, 

It is possible to regenerate genetically transformed entitled "Plasmids for Transforming Plant Cells" Ser. 

plant eels into differentiated plants. One method for n 0 , 458,411, now abandoned, which was filed simulta- 

such regeneration was described in U.S. patent applica- neously whh ^ incorporated by reference into parent 

ton entited "Genetically Transformed Plants", Ser. No. ^cation, Ser. No. 458,414, now abandoned. 

458,402, now abandoned That applicauon was filed !0 The co-cultivated petunia cells were cultured on 

srmultaneously with, and incorporated by reference medk Mntainirjg ka^ydn, M ^moOc which is 

into, the parent appbeatoon of to invention. Themeth- tQxic ^ ^ ^ m b mactivated b fte 

ods of apphcaton Ser. No. 45 8,402 now abandoned, e ^ ^ dQes ^ n * 

may be used to create differenced plants (and then ^ ^ f he ^^vzted petunia cells survived 

Tf Psib^eS polypeptides generated in ^*-^™.Wte^totoC^a9^ 

plant cells by chimeric genes of £s invention from the i?™^ senes w ^ e ^ssed m petunia cells, 

plant cells, and to purify such extracted polypeptides to were confmned by Southern blot analysis 

a useful degree of purity, using methods and substances 20 ° f transfonned P knt ceJ1 DNA - 

^Zf 1 to iboK skflled m «»■ Example 2: Creation of pMON155 

Those skilled in the art will recognize, or may ascer- 
tain using no more than routine experimentation, nu- Plasmid pMON72 was obtained by inserting a 1.8 kb 
merous equivalents to the specific embodiments de- Hindlll-BamHI fragment from bacteria! transposon 
scribed herein. Such equivalents are within the scope of 2 5 Tn5 < which contains an NPTH structural sequence) 
this invention, and are covered by the claims below. mt0 a Ps 0' pBR327 plasmid digested with Hindlll and 

BamHI. This plasmid was digested with Bglll and PstI 

EXAMPLES to remove the NPTI1 structural sequence. 

Example 1: Creation and Use of pMONl56 Plasmid pMONlOOl (described and shown in FIG. 6 

Plasmids which contained CaMV DNA were a gift to 30 T^^l^ ^ 

Monsanto Company from Dr. R. J, Shepherd, Univer- ?StI t0 ^ * 218 *P? M « Ba «« a 

shy of California, Davis. To the best of Applicants* ^ ^^^Tf^^^ V™, tT * mSnt W3S 

knowledge and belief, these plasmids (designated as ted ™ h Mbo1 10 obt T a 19 f b P ^gment. 
pOSl) were obtained by inserting the entire genome of „ A ^ Ration was performed using (a) the large 

a CaMV strain designated as CM4-184 (Howarth et al, 35 M-Bgin fragment of P MON72; (b) Pstl-Mbol frag- 

1981) into the Sal I restriction site of a pBR322 plasmid ment from pMONlOOl; and (c) a synthetic linker with 

(Bolivar et al, 1978). K coli cells transformed with pOS 1 B E m md Mb ° I ^ving sto P colons in all three 

were resistant to ampicillin (Amp*) and sensitive to reading frames. After transformation of R coli cells and 

tetracycline (Tet^. selection for ampicillin resistant colonies, plasmid DNA 

Various strains of CaMV suitable for isolation of 40 irom Am P R colonies was analyzed. A colony contain- 

CaMV DNA which can be used in this invention are m S a plasnad with the desired structure was identified, 

publicly available; see, e.g., ATCC Catalogue of Strains plasmid was designated pMONHO, as shown on 

U, p. 387 (3rd edition, 1981). FIG- 3, 

pOSl DNA was cleaved with Hindlll. Three small 10 OTder to add the 3' end of the NPTII structural 
fragments were purified after electrophoresis on an 45 sequence to the 5' portion to pMONl 10, pMONl 10 was 
0.8% agarose gel using NA-45 membrane (Schleicher treated with Xhol. The resulting overhanging end was 
and SchueH, Keene NH). The smallest fragment, about filled in to create a blunt end by treatment with KJenow 
500 bp in size, contains the 1 9S promoter. This fragment polymerase and the four deosy-nucleotide triphos- 
was further purified on a 6% acrylamide gel After phates (dNTFs), A, T, C, and G. The Klenow poly- 
various manipulations which did not change the se- 50 merase was inactivated by heat, the fragment was di- 
queoce of this fragment (shown in FIG. 1), it was di- gested with PstI, and a 3.6 kb fragment was purified, 
gested with Mbol to created 455 bp Hindlll-Mbol frag- Plasmid pMON76 (described and shown in FIG. 9 of 
meat. This fragment was mixed with a 1250 bp fragment the parent application) was digested with Hindlll, filled 
obtained by digesting pMON75 (described and shown in to create a blunt end with Klenow polymerase and 
in FIG. 9 of the parent application Ser. No. 458,414, 55 the four dNTP's, and digested with PstI. An 1100 bp 
now abandoned,) with Bglll and EcoRI. This fragment fragment was purified, which contained part of the 
contains the NPTII structural sequence and the NOS 3' NPTII structural sequence, and a nopaline synthase 
non-translated region. The two fragments were ligated (NOS) 3' non-translated region. This fragment was 
by their compatible Mbol and Bglll overhangs to ere- ligated with the 3.6 kb fragment from pMONHO. The 
ate a fragment conttuning the CaMV(19S)-NPTII-NOS 60 mixture was used to transform JS coli cells; Amp R cells 
chimeric gene. This fragment was inserted into were selected, and a colony having a plasmid with the 
pMON120 (described and shown in FIG. 10 of the desired structure was identified. This plasmid was des- 
parent application, Ser. No. 458,414, now abandoned; ignated pMON132, as shown on FIG. 4. Plasmid 
ATCC accession number 39263) which had been pMON93 (shown on FIG. 1) was digested with Hin- 
cleaved with Hindm and EcoRI. The resulting plasmid 65 dill, and a 476 bp fragment was isolated. This fragment 
was designated as pMON156, as shown in FIG. 2. was digested with Mbol, and a 455 bp Hindlll-Mbol 

Plasmid pMONI56 was inserted into E. coli cells and fragment was purified which contained the CaMV 
subsequently into A. tumefaciens cells where it formed a (19S) promoter region, and 5* non-translated region. 
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Plasmid pMON132 was digested with EcoRI and Bglll 
to obtain a 1250 bp fragment with (1) the synthetic 
linker equipped with Stop codons in all three reading 
frames; (2) the NPTII structural sequence; and (3) the 
NOS 3' non-translated region. These two fragments 5 
were joined together through the compatible Mbol nd 
Bglll ends to create a CaMV (19S)-NPni-NOS chime- 
ric gene. 

This gene was inserted into pMON120, which was 
digested with Hindlll and EcoRI, to create plasmid 10 
pMON155, as shown in FIG. 5. 

Plasmid pMON155 was inserted into A. tumefaciens 
GV3111 cells contaking a Ti plasmid, pTiB6S3. The 
pMON155 plasmid formed a cointcgrate plasmid with 
the Ti plasmid by means of a single crossover event. 15 
Cells which contain this co-integrate plasmid have been 
deposited with the American Type Culture Center, and 
have been assigned ATCC accession number 39336. A 
fragment which contains the chimeric gene of this in- 
vention can be obtained by digesting the co-integrate 20 
plasmid with HiadUU and EcoRI, and purifying the 1.7 
kb fragment. These cells have been used to transform 
petunia cells, allowing the petunia cells to grow on 
media containing at least 100 ug/ml kanamycin. 

Example 3: Creation of pMON183 and 184 25 
Plasmid pOSl {described in Example 1) was digested 
with Bglll, and a 1200 bp fragment was purified. This 
fragment contained the 35S promoter region and part of 



site of plasmid pKC7 (Rao and Rogers, 1979) to give 
plasmid pMON125, as shown in FIG. 7. The sequence 
of bases adjacent to the two Mbol ends regenerates 
Bglll sites and allows the 725 bp fragment to be excised 
with Bglll. 

To generate a fragment carrying the 35S promoter, 
the 725 bp Bglll fragment was purified from pMON125 
and was subsequently digested with EcoR V and Alul to 
yield a 190 bp fragment. Plasmid pMON81 was digested 
with BamHI, treated with Klenow polymerase and 
digested with EcoRV. The 3.1 kb EcoRV-Bamffl(- 
bhint) fragment was purified, mixed with the 190 bp 
EcoRV-AluI fragment and treated with DNA ligase. 
Following transformation and selection of ampicillin- 
resistant cells, plasmid pMON172 was obtained which 
carries the CaMV(35S) promoter sequence on a 380 bp 
BamHI-EcoRI fragment, as shown on FIG. 8. This 
fragment does not carry the polyadenylation region for 
the 35S RNA. Ligation of the Alul end to the filled-in 
BamHI site regenerates the BamHI site. 

To rearrange the restriction endonuclease sites adja- 
cent to the CaMV(35S) promoter, the 380 bp BamHI- 
EcoRI fragment was purified from pMON172, treated 
with Klenow polymerase, and inserted into the unique 
sraal site of phage Ml 3 mp8. One recombinant phage, 
MI2, carried the 380 bp fragment in the orientation 
shown on FIG. 9. The replicative form DNA from this 
phage carries the 35S promoter fragment on an EcoRI(- 
5')-BamHI(3') fragment, illustrated below. 



1 I • • • • to 

GAATTCCCGATCc TAT CTGTCACTT C ATC AAAAGGAC AGT AGAAAAGGA AGGT GGCACT AC A AATGCC AT 
7! . , . .140 

CATTGCOATAAAGGAAAGGCTATCGTTCAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCAC 



TCATTTCATTTGGAGAGGACACGCTGAAATCACCAGTCTCTCTCTACAAATCTATCTCTCTCTATTTTCT 



CC AT A AT A AT GTGT GAGTAGTT CCC AGAT AAGGGAATTGGGGAT CC 



the 5' non-translated region. It was inserted into plasmid 
pSHL72 which had been digested with BamHI and 45 
Bglll (pSHL72 is functionally equivalent to pAGO60, 
described in Colbere-Garapin et al, 1981). The resulting 
plasmid was designated as pMON50, as shown on FIG. 
6. 

The cloned Bglll fragment contains a region of DNA 50 
that acts as a polyadenylation site for the 35S RNA 
transcript This polyadenylation region was removed as 
follows: pMON50 was digested with Avail and an 1 100 
bp fragment was purified. This fragment was digested 
with EcoRI* and EcoRV. The resulting 190 bp 55 
EcoRV-EcoRJ* fragment was purified and inserted 
into plasmid pBR327, which had been digested with 
EcoRI* and EcoRV. The resulting plasmid, pMONSl, 
contains the CaMV 35S promoter on a 190 bp EcoRV- 
EcoRI* fragment, as shown in FIG. 6. 60 

To make certain the entire promoter region of 
CaMV(35S) was present in pMONSl, a region adjacent 
to the 5' (EcoRV) end of the fragment was inserted into 
pMONSl in the following way. Plasmid pMONSO pre- 
pared from dam- cells was digested with EcoRI and 65 
Bglll and the resultant 1550 bp fragment was purified 
and digested with Mbol. The resulting 725 bp Mbol 
fragment was purified and inserted into the unique Bglll 



Plasmids carrying a chimeric gene CaMV(35S) pro- 
moter region-NPTII structural sequence-NOS 3' non- 
translated region) were assembled as follows. The 380 
bp EcoRI-BamHI CaMV(35S) promoter fragment was 
purified from phage M12 RF DNA and mixed with the 
1250 bp BgHI-EcoRI NPTO-NOS fragment from 
pMON75. Joining of these two fragments through their 
compatible BamHI and Bglll ends results in a 1.6 kb 
CaMV(35S)-NPTII-NOS chimeric gene. This gene was 
inserted into pMON120 at the EcoRI site in both orien- 
tations. The resultant plasmids, pMON183 and 184, 
appear in FIG. 10. These plasmids differ only in the 
direction of the chimeric gene orientation. 

These plasmids were used to transform petunia cells, 
as described in Example 1. The transformed cells are 
capable of growth on media containing 100 ug/ml kana- 



Chimeric genes carrying the nopaline synthase 
(NOS) promoter or the cauliflower mosaic virus full- 
length transcript promoter (CaMV(35S)) were con- 
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structed. In both cases, the promoters, which contain al, 1982). The CaMV(35S) promoter sequence de- 
their respective 5' non-translated regions were joined to scribed above is listed below. 



PMON273 CaMV 3SS Promoter and 5' Leader 



1 | . . . . . 70 

GAATTCCCGATCcTATCTGTCACTTCATCAAAAGGACAGTAGAAAAGGAAGGTGGCACTACAAATGCCAT 

71 . . .140 

CATTGCGATAAAGGAAAGGCTATCGTTCAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCAC 
141 . . . .210 

CCACGAGGAGCATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATAT 

211 . . . TA I A 280 

CTCCACTGACGTAAGGGATGACGCACAATCCACTATACCTTCGCAAGACCCTTCCTCTATATAAGGAAGT 
5'mRNA BglH 

281 ! . • 1 334 

TC ATTTC ATTTGGAGAGGAC ACGCT GAAATC ACCAGT CT CTCT CT ACAAGAT CT 



a NPTI1 coding sequence in which the bacterial 5' 
leader had been modified so that a spurious ATG trans- 
lational initiation signal (Southern and Berg, 1982) has 20 
been removed. 

Plasmid pMON200 is a derivative of previously de- 
scribed intermediate vector pMON120 (ATCC acces- 
sion number 39263), pMON200 contains a modified 
chimeric nopaline synthase-neomycin phosphotrans- 25 
ferasenopaline synthase gene ONOS/NPni/NOS) 
which confers kanamyck (Kirt^) resistance to the trans- 
formed plant. The modified chimeric Km* gene lacks 
an upstream ATG codon present in the bacterial leader 
sequence and a synthetic multilinker with unique Hin- 30 
dill, Xhol, BgHI, Xbal, Clal and EcoRI restriction 

Plasmid pMON273 is a derivative of pMON200 in 
which the nopaiine synthase promoter of the chimeric 
NOS-NFTII-NOS gene has been replaced with the 35 
CaMV(35S) promoter. 

The CaMV(35S) promoter fragment was isolated 
from plasmid pOS-1, a derivative of pBR322 carrying 
the entire genome of CM4-184 as a Sail insert (Howarth 
et al., 19S1). The CM4-184 strain is a naturally occur- 40 
ring deletion mutant of strain CM 1841. The nucleotide 
sequence of the CM 1841 (Gardner et al., 1981) and 
Cabb-S (Franck et al. s 1980) strains of CaMV have been 
published as well as some partial sequence for a differ- 
ent CM4-184 clone (Dudley et aL, 19S2). The nucleo- 45 
tide sequences of the 35S promoter regions of these 
three isolates are essentially identical. In the following 
the nucleotide numbers reflects the sequence of Gard- 
ner et al. (1981). The 35S promoter was isolated as an 
Alul (n 7143)-EcoRl* (n 7517) fragment which was 50 
inserted first into pBR322 cleaved with BamHI, treated 
with the Klenow fragment of DNA polymerase I and 
then cleaved with EcoRI. The promoter fragment was 
then excised from pBR322 with BamHI and EcoRI, 
treated with Klenow polymerase and inserted into the 55 
Smal site of Ml 3 mpS so that the EcoRI site of the mp8 
multilinker was at tie 5' end of the promoter fragment. 
Site directed mutagenesis (Zoller and Smith, 1982) was 
then used to introduce a G at nucleotide 7464 to create 
a BglH site. The 35S promoter fragment was then ex- 60 
cised from the Ml 3 as a 330 bp EcoRI-BglEI site. The 
35S promoter fragment was then excised from the M13 
as a 330 bp EcoRI-BgUI fragment which contains the 
35S promoter, 30 nucleotides of the 5' non-translated 
leader but does not contain any of the CaMV transla- 65 
tional initiators nor the 35S transcript polyadenylation 
signal that is located ISO nucleotides downstream from 
the start of transcription (Covey et al., 1981; Guilley et 



The 35S promoter fragment was joined to a 1.3 kb 
Bglll-EcoRI fragment containing the Tn5 neomycin 
phosphotransferase II coding sequence modified so that 
the translational initiator signal in the bacterial leader 
sequence had been removed and the NOS 3' non-tran- 
slated region and inserted into pMON120 to give 
pMON273, 

These plasmids were transferred in K coli strain 
JM101 and then mated into Agrobacterium tumefaeiens 
strain GV3111 carrying the disarmed pTiB6S3-SE plas- 
mid as described by Fraley et al. (1983). 

Plant Transformation 

Cocultivation of Petunia protoplasts with j4. tumefa- 
eiens, selection of kanamycin resistant transformed cal- 
lus and regeneration of transgenic plants was carried 
out as described in Fraley et al. (1984). 

Preparation of DN As 

Plant DNA was extracted by grinding the frozen 
tissue in extraction buffer (50 mM TRIS-HC1 pH 8.0, 50 
mM EDTA, 50 mM NaCl, 400 ul/ml EtBr, 2% sarco- 
syl). Following low speed centrifugation, cesium chlo- 
ride was added to the supernatant (0.85 gm/ml). The 
CsCl gradients were centrifuged at 150.000Xg for 48 
hours. The ethidium bromide was extracted with iso- 
propanol, the DNA was dialyzed, and ethanol precipi- 
tated. 

Southern Hybridization Analysis 

10 ug of each plant DNA was digested, with BamHI 
for pMON200 plant DMAs and EcoRI for pMON273 
plant DNAs. The fragments were separated by electro- 
phoresis on a 0.8% agarose gel and transferred to nitro- 
cellulose (Southern, 1975). The blots were hybridized 
(50% formamide, SxSSC, 5X denhardt's, 0.1% SDS and 
20 ug/ml tRNA) with nick-translated pMON273 plas- 
mid DNA for 48-60 hours at 42" C. 

Preparation of RNA from Plant Tissue 

Plant leaves were frozen in liquid nitrogen and 
ground to a fine powder with a mortar and pestle. The 
frozen tissue was added to a 1:1 mixture of grinding 
buffer and PCE (1% Tri-iso-propylnaphtalenesulfonic 
acid, 6% p-AmmosalicyKc acid, 100 mM NaCl, 1% 
SDS and 50 mM 2-mercaptoethanol; PCI [phenol: chlo- 
roform: isoamyl alcohol (24:24:1)] and homogenized 
immediately with a polytron. The crude homogenate 
was mixed for 10 min and the phases separated by cen- 
trifugation. The aqueous phase then was re-extracted 
with an equal volume of PCI. The aqueous phase was 
ethanol precipitated with one tenth volume of 3M 
NaAcetate and 2.5 volumes of ethanol. The nucleic acid 
pellet was resuspended in water. An equal volume of 
4M lithium chloride LiCl was added and the mix was 
placed on ice for 1 hour or overnight. Following cen- 
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trifugation, the pellet was resuspended in water the 
LiCl precipitation repeated 3 times. The final LiCl pel- 
let was resuspended in water and ethanol precipitated. 

Poly (A) containing RNA was isolated by passing 
total RNA over an Oligo d(T) cellulose Type III (Col- 5 
laborative Research) column. Quantitation of the poly 
(A) containing RNA involved annealing an aliquot of 
the RNA to radio-labeled poly U [(uridylate 5.6-3H)- 
polyuridylic acid] (New England Nuclear), followed by 
RNase A treatment (10 ng per ml for 30 minutes at 37" 10 
C). The reaction mix was spotted on DE-81 filter pa- 
per, washed 4X with 0.5M NaPhosphate (pH 7.5) and 
counted. Globin poly (A) containing RNA (BRL) was 
used as a standard. 

Northern Hybridization Analysis 15 

5 ug of poly (A) RNA from each plant source was 
treated with glyoxal and dimethysulfoxide (Maniatis, 
1982). The RNAs were electrophoresed in 1.5% aga- 
rose gels (0.01 M NaH 2 HP04, pH 6.5) for 7 hours at 60 
volts. The glyoxylated RNAs were electro-blotted (25 20 
mM NaH2P04NaHP04, pH 6.5) for 16 hours at 125 
amps from the gel to GeneScreen <g) (New England 
Nuclear). The filters were hybridized as per manufac- 
turer's instructions {50% formamide, 0.02% polyvinyl- 
pyrrolidone, 0.02% bovine serum albumin, 0.02% ficoll, 25 
5XSSC, 1.0% SDS, 100 u/ml tRNA and probe) for 
48-60 hours at 42° C. with constant shaking. The nick- 
translated DNAs used as probes were the 1.3 kb 
Bglll/EcoRI NPTII fragment purified from the 
pMON273 plasmid for detecting the NPTII transcript, 30 
and the petunia small subunit gene as an internal stan- 
dard for comparing the amount of RNA per lane. The 
membranes were washed 2X 100 ml of 2XSSC at room 
temperature for 5 minutes, 2 X 100 ml of 2XSSC/1.0% 
SDS at 65° C. for 30 minutes. The membranes were 35 
exposed to XAR-5 film with a DuPont intensifying 
screen at -80" C. 

Neomycin Phosphotransferase Assay 

The gel overlay assay was used to determine the 
steady state level of NPTII enzyme activity in each 40 
plant. Several parameters were investigated for opti- 
mizing the sensitivity of the assay in plant tissue. Early 
observations showed that the level of NPTII activity 
varied between leaves from different positions on the 
same plant This variability was minimized when the 45 
plant extract was made from pooled tissue. A paper hole 
punch was used to collect 15 disks from both young and 
old leaves. Grinding the plant tissue in the presence of 
micro-beads (Ferro Corp) rather than glass beads in- 
creased the plant protein yield 4-fold. 50 

To optimize detection of low levels of NPTII activity 
a saturation curve was prepared with 10-85 ug/lane of 
plant protein. For the pMON200 (NOS) plants, NPTII 
activity was not detectable at less than 50 ug/lane of 
total protein (2 hour exposure) while activity was de- 55 
tectable at 20 ug/lane for the pMON273 plants. There 
was a non-linear increase in NPTII activity for 
pMON200 NOS plants between 40 and 50 ug of protein 
per lane. This suggested that the total amount of protein 
may affect the stability of the NPTII enzyme. Supple- 60 
menting plant cell extracts with 30-45 ug per lane of 
bovine serum albumin (BSA), resulted in a linear re- 
sponse; NPTII activity increased proportionately as 
plant protein levels increased. The addition of BSA 
appears to stabilize the enzyme, resulting in a 20-fold 65 
increase in the sensitivity of the assay. Experiments 
indicate that 25 ug/lane of pMON273 plant protein and 
70 ug/lane of pMON200 plant protein was within the 
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linear range of the assay in the presence of BSA. Elimi- 
nation of SDS from the extraction buffer resulted in a 
2-fold increase in assay sensitivity. Leaf disks were 
pooled from each plant for the assay. The tissue was 
homogenized with a glass rod in a microfuge tube with 
150-200 ul of extraction buffer (20% glycerol, 10% 
0-mercaptoethanol, 125 mM Tris-HCl pH 6.8, 100 
ug/ml bromophenol blue and 0.2% SDS). Following 
centrifugation in a microfuge for 20 minutes, total pro- 
tein was determined using the Bradford assay. 25 ug of 
pMON273/3111SE plant protein or 70 ug of 
pMON200/3111SE plant protein, supplemented with 
BSA, was loaded on a native polyacrylamide gel as 
previously described. The polyacrylamide gel was 
equilibrated for 30 minutes in water and then 30 minutes 
in reaction buffer (67 mM TRIS-maleate pH 7. 1, 43 mM 
MgCh, 400 mM NtttCl), transferred onto a glass plate, 
and overlaid with a 1.5% agarose gel. The overlay gel 
contained the neomycin phosphotransferase substrates: 
450 uCi ly^ 2 ] ATP and 27 ug/ml neomycin sulfate 
(Sigma). After 1 hour at room temperature a sheet of 
Whatman P81 paper, two sheets of Whatman 3 MM 
paper s a stack of paper towels and a weight were put on 
top of the agarose gel. The phosphorylated neomycin is 
positively charged and binds to the PS1 phosphocellu- 
lose ion exchange paper. After blotting overnight, the 
P81 paper was washed 3 X in 80° C. water, followed by 
7 room temperature washes. The paper was air dried 
and exposed to XAR-5 film. Activity was quantitated 
by counting the 32 P-radioactivity in the NPTII spot. 
The NPTII transcript levels and enzyme activities in 
two sets of transgenic petunia plants were compared. In 
one set of plants (pMON273) the NPTII coding se- 
quence is preceded by the CaMV(35S) promoter and 
leader sequences, in the other set of plants (PMON200) 
the NPTII coding region is preceded by the nopaline 
synthase promoter and leader sequences. The data indi- 
cates the pMON273 plants contain about a 30 fold 
greater level of NPTII transcript than the pMON20G 
plants, see Table I below. 

TABLE I 

QUANTITATION OF NPTII TRANSCRIPT 
LEVELS AND NPTII ACTIVITY IN 
PMON27 3 AND pM ON200 PLANTS 



5,352,605 

13 14 

TABLE I-continued aL » 19S1 ^ - CM4-184 strain is a naturally occurring 

■— ;— . TO „ TO , „„„„ , m ■ — deletion mutant of strain CM1841. The references to 

Q ™™ SZT nucleotide numbers in the following discussion are 

pMON273 and pMQTOoo plants those for the sequence of CM1841 (Gardner et al., 

Relative Relative 5 1981). A 476 bp fragment extending from the HindHI 

tot NFm NPTO site at bp 5372 to the ffindlll site at bp 584S was cloned 

Transcript' Activity* jnto M13 mp8 for site directed mutagenesis (Zoller and 

Smith, 1982) to insert an Xbal (5'-TCTAGA) site imme- 
diately 5' of the first ATG translation^ initiation signal 
saw. -hie 10 in the 19S transcript (Dudley et al., 1982). The resulting 
w e 400 bp Hindlll-Xbal fragment was isolated and joined 
to the 1.3 kb Xbal-EcoRI fragment of pMON273 which 
p^^yt^^^^Z^^t^^^^^o^^ carries 11,6 neomycin phosphotransferase H (NPTF) 
iMded on ttw gds (B ug) foe pMONZ73 to ag pMON2« pkais). coding sequence modified so that the extra ATG trans- 

15 lational initiation signal in the bacterial leader had been 
Consistent with this observation is the finding that the removed and the nopal ine synthase 3' nontranslated 
pMON273 leaf extracts have higher NPTII enzyme region (NOS). The resulting 1.7 kb HindlH-EcoRI 
activity than the pMON200 leaf extracts. In several of fragment was inserted into pMON120 between the 
the transgenic plants, there is a substantial variation in EcoRI and HindUI sites to give pMON203. The corn- 
both RNA and enzyme levels which cannot be ac- 20 plete sequence of the 19S promoter-NPTII leader is 
counted for by the slight difference in gene copy nam- given below. 



i| - . . 70 

AAGCTTTAAAGCTGCAGAAAGGAATTACCACAGCAATGACAAAGAGACATTGGCGGTAATAAATACTATA 
71 . . . . . .140 

AAGAAATTCAGTATTTATCTAACTCCTGTTCATTTTCTGATTAGGACAGATAATACTCATTTCAAGAGTT 
141 . . . .210 

TTGTTAACCTTAATTACAAAGGAGATTCAAAACTTGGAAOAAACATCAGATGGCAAGCATGGCTTAGCCA 
211 • . . . .280 

CTATTCGTTTGATGTTGAACATATTAAAGGAACCGACAACCACTTTGCGGACTTCCTTTCAAGAGAATTC 
281 . . . . .350 

AATAAGGTTAATTCCTAATTGAAATCCGAAGATAAGATTCCCACACACTTGTGGCTGATATCAAAAAGOC 
TATA 5' mRNA 

351 j . . | | | 402 

TACTACCTATATAAAGACATCTCTGGAGACTGAGAAAATCAGACCTCCAAGC 
Xbal NPTH Initiator Signal 

TCT AGACGAT CGT TTCGC ATG 



ber. Such "position effects" have been reported in trans- 
genic mice and fruit flies and have not yet been ade- 
quately explained at the molecular level. Although, 
there is not a clear correlation between insert copy 
number and level of chimeric gene expression, the fact 
that 4 of the 7 pMON200 transgenic plants contain 2 
copies of the NOS-NPTH-NOS gene would suggest 
that the differential expression of the CaMV(35S) pro- 
moter is actually slightly underestimated in these stud- 
ies. 

The constructs described in this comparative example 
have identical coding regions and 3' non-translated 
regions, indicating that the differences in the steady 
state transcript levels of these chimeric genes is a result 
of the 5' sequences. 

COMPARISON OF CaMV19S AND CaMV(3SS) 
PROMOTERS 

Chimeric genes were prepared comprising either the 
CaMV19S or CaMV(35S) promoters. As in the above 
example, the promoters contained their respective 5' 
non-translated regions and were joined to a NPTII 
coding sequence in which the bacteria! 5' leader had 
been modified to remove a spurious ATG translational 
initiation signal. The constructs tested were pMON203 
and pMON204 containing the CaMV19S/NFTII/NOS 
gene and pMON273 cxmtaimng the CaMV(35S)/N- 
PTII/NOS gene. 

Construction of pMON203 

The CaMV 19S promoter fragment was isolated from 
plasmid pOS-l,a derivative of pBR322 carrying the 
entire genome of CM4-184 as a Sail insert (Howarth et 



Construction of pMON204 

The 400 bp Hindlll-Xbal fragment containing the 
40 CaMV19S promoter was joined to a synthetic linker 
with the sequence: 

Xbal 8giB 
45 5-TCTAGACTCCTTACAACAGATCT 

to add a BgHI site to the 3' end of the promoter frag- 
ment. The Hindlil-Bglll fragment was joined to the 1.3 
kb Bglll-EcoRI fragment of pMON128 that contains 

50 the natural, unmodified NPTII coding sequence joined 
to the NOS 3' nontranslated signals and inserted into the 
EcoRI and HindUI sites of pMON120. The resulting 
plasmid is pMON204. The CaMV 19S promoter signals 
in this plasmid are identical to those in pMON203. The 

55 only difference is the sequence of the 5' nontranslated 
leader sequence which in pMON204 contains the extra 
ATG signal found in the bacterial leader of NPTII and 
contains extra bases from the synthetic linker and bacte- 
rial leader sequence. 

60 Petunia leaf discs were transformed and plants regen- 
erated as described above. The gel overlay assay was 
used to determine NPTII levels in transformants. 

Quantitation was done by scintillation counting of 
32 P-neomycra, the end product of neomycin phospho- 

65 transferase activity. The average NPTII enzyme level 
determined for CaMV(35S) (pMON273) plants was 3.6 
times higher than that determined for CaMV{19S) 
(pMON203 & 204) plants. 



5,352,605 



16 



QUANTITATION OF NPTII ACTIVITY LEVELS 
IN PMON203, pMON204» AND pMOH273 PLANTS 
Plant Relative 
Construct Number NPTtl Activity Average 



pMON204 
pMON204 
pMON273 
pMON273 



260,966 
1,000,67+ 
1,604,788 
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We claim: 

L A chimeric gene which is expressed in plant cells 
comprising a promoter from a cauliflower mosaic virus, 
said promoter selected from the group consisting of a 
CaMV (35S) promoter isolated from CaMV protein- 55 
encoding DNA sequences and a CaMV (19S) promoter 
isolated from CaMV protein-encoding DNA sequences, 
and a structural sequence which is heterologous with 
respect to the promoter. 

2. A chimeric gene of claim 1 in which the promoter 60 
is the CaMV(35S) promoter. 

3. A chimeric gene of claim 1 in which the promoter 
is the CaMV(19S) promoter. 

4. A plant cell which comprises a chimeric gene that 
contains a promoter from cauliflower mosaic virus, said 65 
promoter selected from the group consisting of a CaMV 
(35S) promoter and a CaMV (19S) promoter, wherein 
said promoter is isolated from CaMV protein-encoding 



DNA sequences, and a structural sequence which is 
heterologous with respect to the promoter. 

5. A plant cell of claim 4 in which the promoter is the 
CaMV(35S) promoter. 

6. A plant cell of claim 4 in which the promoter is the 
CaMV(19S) promoter. 

7. An intermediate plant transformation plasraid 
which comprises a region of homology to an Agrobacte- 
rium tumefaciens vector, a T-DNA border region from 
Agrobacterium tumefaciens and a chimeric gene, 
wherein the chimeric gene is located between the 
T-DNA border and the region of homology, said chi- 
meric gene comprising a promoter from cauliflower 
mosaic virus, said promoter selected from the group 
consisting of a CaMV(35S) promoter and a CaMV(19S) 
promoter, and a structural sequence which is heterolo- 
gous with respect to the promoter. 

8. A plant transformation vector which comprises a 
disarmed plant tumor inducing plasmid of Agrobacte- 
rium tumefaciens and a chimeric gene, wherein the chi- 
meric gene contains a promoter from cauliflower mo- 
saic virus, said promoter selected from the group con- 
sisting of a CaMV(35S) promoter and a CaMV(19S) 
promoter, and a structural sequence which is heterolo- 
gous with respect to the promoter. 

9. A plant transformation vector of claim 8 in which 
the promoter is the CaMV(35S) promoter. 

10. A plant transformation vector of claim 8 in which 
the promoter is the CaMV(19S) promoter. 

11. The chimeric gene of claim 1 comprising in the 5' 
to 3' direction: 

(1) the CaMV(35S) promoter, 

(2) a structural sequence encoding neomycin phos- 
photransferase II, and 

(3) a 3' non-translated polyadenylation sequence of 
nopaline synthase, 

12. The chimeric gene of claim 1 comprising in the 5' 
to 3' direction: 

(1) the CaMV(19S) promoter, 

(2) a structural sequence encoding neomycin phos- 
photransferase II, and 

(3) a 3' non-translated polyadenylation sequence of 
nopaline synthase. 

13. A DNA construct comprising: 

(A) a CaMV promoter selected from the group con- 
sisting of (1) a CaMV 35S promoter isolated from 
CaMV protein-encoding DNA sequences and (2) a 
CaMV 19S promoter isolated from CaMV protein- 
encoding DNA sequences, and 

(B) a DNA sequence of interest heterologous to (A), 
wherein (B) is under the regulatory control of (A) 
when said construct is transcribed in a plant cell. 

14. A chimeric gene which is transcribed and trans- 
lated in plant cells, said chimeric gene comprising a 
promoter from cauliflower mosaic virus, said promoter 
selected from the group consisting of: 

a) a CaMV 35S promoter region free of CaMV pro- 
tein-encoding DNA sequences and 

b) a CaMV 19S promoter region free of CaMV pro- 
tein-encoding DNA sequences, 

and a DNA sequence which is heterologous with re- 
spect to the promoter. 

15. A chimeric gene which is expressed in plants cells 
comprising a promoter from a cauliflower mosaic virus, 
said promoter selected from the group consisting of a 
CaMV(35S) promoter region free of CaMV protein- 
encoding DNA sequences and a CaMV(19S) promoter 



region free of CaMV protein-encoding DNA sequen- 
ces, and a DNA sequence which is heterologous with 
respect to the promoter. 

16. A chimeric gene which is transcribed in plants 
cells comprising a promoter from a cauliflower mosaic 
virus, said promoter selected from the group consisting 
of a CaMV(35S) promoter free of CaMV protein- 
encoding DNA sequences and a CaMV(19S) promoter 
free of CaMV protein-encoding DNA sequences, a 
DNA sequence which is heterologous with respect to 
the promoter and a 3' non-translated polyadenylation 
signal sequence. 



17. A plant cell which comprises a chimeric gene 
where said chimeric gene comprises a promoter from 
cauliflower mosaic virus, said promoter selected from 
the group consisting of a CaMV(35S) promoter and a 
5 CaMV(19S) promoter, wherein said promoter is free of 
CaMV protein-encoding DNA sequences, and a DNA 
sequence which is heterologous with respect to the 
promoter and a 3' non-translated polyadenylation signal 
sequence. 

10 18, An intermediate plasmid of claim 7 in which the 
promoter is the CaMV(19S) promoter. 

10. An intermediate plasmid of claim 7 in which the 
promoter is the CaMV(35S) promoter. 
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ABSTRACT 



The present invention relates to an isolated prolein or 
polypeptide corresponding to a protein or polypeptide in 
Erwinia chrysanthemi which elicits a hypersensitive 
response in plants. The encoding DNA molecule alone in 
isolated form or either in an expression system, a host cell, 
or a transgenic plant are also disclosed. Another aspect of the 
present invention relates to a method of imparting pathogen 
resistance to plants by transforming a plant wiih the DNA 
molecule of the present it 
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1 AATCAGGAAACGAAATTATGCAAATTACGATCAAAGCGCACATCGGCGGTGATTTGGGCG 
MQITIKAHIG G 0 L G 

61 TCTCCGGT CTGGGGCTGGGTG CTCAGGGACTGAAAGGAC TG AATTCCGCGG CTTCAT CG C 
VSGLGLGAQGLKGLNSAASS 

121 TGGGTTCCAGCGTGGATAAACTGAGCAGCACCATCGATAAGTTGACCTCCCCGCTGACTT 
LGSSVDKLSSTIDKLTSALT 

181 CGATG ATGTTTGGCGGCGCGCTGGCGCAGGGGCTGGG CGCCAGCTCG AAGGGG CTGGGGA 
SMMFGGALAQGLGAS SKGLG 

241 TGAGCAATCAACTGGGCCAGTCTTTCGGCAA1GGCGCGCAGGGTGCGAGCAACCTGCTAT 
MSNQLGQSFGNGAQGASNLL 

301 CCGTACCGAAATCCGGCGGCGATGCGTTGTCAAAAATGXTTGATAAAGCGCTGGACGATC 
SVPKSGGDALSKMFDKALDD 

361 TGCTGGGTCATGACACCGTGACCAAGCTGAGTAACCAGAGCAACCAACTGGCTAATTCAA 
LLGHDTVTKLTNQSNQLANS 
I > 439: :Tn5-gusAl 

421 TGCTGAACGCCAGCCAGATGACCCAGGGTAATATGAATGGGTTCGGCAGCGGTGTGAACA 
MLNASQMTQGNMNAFGSGVN 

481 ACGCACTGTCGTCCATTCTCGGCAACGGTGTCGGCCAGTCGATGAGTGGCTTCTCTCAGC 
NALSSILGNGLGQSMSGFSQ 
546: ;Jn5-gusAl < i 

541 CTTCTCTGGGGGCAGGCGGCTTGCAGGGCCTGAGCGGCGCGGGTGCATTCAACCAGTTGG 
PSLGAGGLQGLSGAGAFNQL 

601 GTAATGCCATCGGCATGGGGGTGGGGCAGAATGCTGCGCTGAGTGCGTTGAGTAACGTCA 
GNAIGMGVGQNAALSALSNV 

661 GCACCCACGTAGACGGTAACAACCGCGACTTTGTAGATAAAGAAGATCGCGGCATGGCGA 
STHVDGNNRHFVDKEDRCMA 

721 AAGAGATCGG CCAGTTTATGG ATCAGTATCCGGAAATATTCGGTAAACCGGAATAC C AG A 
KEIGQFMDQYPEIFGKPEYQ 

781 AAGATGGCTGGAGTTCGCCGAAGACGGACGACAAATCCTGGGCTAAAGCGCTGAGTAAAC 
KDGWSSPKTDDKSWAKALSK 

841 CGGATGATGACGGTATGACCGGCGCCAGCATGGACAAATTCCGTCAGGCGATGGGTATGA 
PDDDGMTGASMDKFRQAMGM 

901 TCAAAAGCGGGGTGGCGGGTGATAGCGGCAATACCAACCTGAACGTGCGTGGCGCGGGCG 
IKSAVAGDTGNTNLNLRGAG 

961 GTGCATCGCTGGGTATCGATGCGGCTGTCGTCGGCGATAAAATAGCCAACATGTCGCTGG 
GASLGTDAAVVGDKIANMSL 

1021 GTAAGCTGGCCAACGCCTGATAATCTGTGCTGGCCTGATAAAGCCGAAACGA AAAAAGAG 
GKLANA** 

1081 ACGGGGAAGCCTCTCTCTTTTCTTATTAT GCGG 1113 
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Ech HQ1TIKAHIGGDLGVSGLGLGAQGLKGLNSAASSLGSSVDKL 42 

• I:- Ml- I .11 It- ■: 
Ea MSLNTSGLGASTMQISIGGAGGNNGL.LGTSRQNAGLGGNSALGLGGGNQ 49 

Ech SSTIDKLTSALTSMMF GGALAQGLGAS . SKGLGMSNQLGQSFG 84 

••|::-|.: II ::.|||:: :.|M |..||:::: 

Ea NDTVNQIAGLLTGMhfMMMSMMGGGGLHGGGLGGGIJSNGLGGSGGLGEGLS 99 

Ech NGAQG . . ASNLLSVPKSGGDALSKMFQKALDDLLG 117 

l: ::-| .. :.:||: || 

Ea NALNDMLGGS LNTLG5KGGNNTIS TTNS PLDQALG INSTSQNDD ST S GTD 149 

Ech HDTVTKLTNQSNQLANSMLNAS QMTQGNMNAFG 150 

.1 • .::.|::..: I |:|: ||; 

Ea STSDSSDPMQQLLKMPSE1MQSLFGEK3QDGTQGSSSGGKQPTEGEQNAYK 199 

Ech SGVNNALSSILGNGLGQSMS GFSQPSLGAGGLQGLS 186 

• M - : I i I : : : 111 I : i :: h-.-UM ll-IU 

Ea KGVTDALS GLMGNGLSQLLGNGGLGGGQGGNAGTG LDG S S LGGKG LRGLS 249 

Ech GAGAFNQLGNAIGMGVGQNAALSALSNVSTKVDGNNRHFVDKEDRGMAKE 236 

I - : M i I I ) hi -|:: ||.:::|| .:..| ||:|:||:|||| 
Ea GPVDYQQLGNAVGTG IGMKAG IQALNDIGTHRHS STRS FVNKGDRAMAK E 299 

Ech IGQFMDQYPE I FGKPEYQKDGWS S PKTDDK.S WAKALS KPDD DGMTGASMD 286 

Mil HUM: II ||:| ! |:. ■ • I I I 1 1 I I 1 I I I I i 1 1 i I I I I ■ I t I ■ 
Ea IGQFMDQYPEVFGKPQYQKGPGQEVKTDDKSWAKALSKPDDDGMTPASMB 349 

Ech KFRQAMGMIKS AVAG DTGNTNLN LRGAGGAS LG I DAAWGDKI ANMS LGK 336 

•l--l-llll-^l!!lll-!h : . |. 

Ea QFNKAKGHIKRPMAGDTGNGNLH DAVPWLRWtMP ... 385 

Ech LANA 340 
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HYPERSENSITIVE RESPONSE ELICITOR 
FROM ERWINIA CHRYSANTHEMI 

This work was supported by NRI Competitive Grants 
Program/USDA grants 91-37303-6321 and 94-37303-0734. 
FIELD OF THE INVENTION 
The present invention relates to the Hypersensitive 
Response Elicitor from Erwinia chrysanthemi and its uses. 

BACKGROUND OF THE INVENTION 
Interactions between bacterial pathogens and their plant 
hosts generally fall into two categories: (1) compatible 
(pathogen-host), leading to intercellular bacterial growth, 
symptom development, and disease development in the host 
plant; and (2) incompatible (pathogen-nonhost), resulting in 
the hypersensitive response, a particular type of incompat- 
ible interaction occurring, without progressive disease 
symptoms. During compatible interactions on host plants, 
bacterial populations increase dramatically and progressive 
symptoms occur. During incompatible interactions, bacterial 
populations do not increase, and progressive symptoms do 

The hypersensitive response is a rapid, localized necrosis 
that is associated with the active defense of plants against 
many pathogens (Kiraly, Z., "Defenses Triggered by the 
Invader: Hypersensitivity," pages 201-224 in: Plant Dis- 
ease: An Advanced Treatise, Vol. 5, J, G. Horsfall and E. B. 
Cowling, ed. Academic Press New York (1980); Klemeiit, 
Z., "Hypersensitivity," pages 149-177 in: Phytopathogenic 
Prokarvotes, Vol. 2, M. S. Mount and O. H. Lacy, ed. 
Academic Press, New York (1982)), which are hereby 
incorporated by reference). The hypersensitive response 
elicited by bacteria is readily observed as a tissue collapse if 
high concentrations (S10 7 cells/ml) of a limited host-range 
pathogen like Pseudomonas syringae or Erwinia amylavora 
are infiltrated into the leaves of nonhost plants (necrosis 
occurs only in isolated plant cells at lower levels of 
inoculum) (Klement, Z., "Rapid Detection of Pathogenicity 
of Phytopathogenic Pseudomonads," Nature 199:299-300; 
Klement, ct al, "Hypersensitive Reaction Induced by Phy- 
topathogenic Bacteria in the Tobacco Leaf," Phytopathology 
54:474-477 (1963); Turner, et al, "The Quantitative Rela- 
tion Between Plant and Bacterial Cells Involved in the 
Hypersensitive Reaction," Phytopathology 64:885-890 
(1974); Klement, Z., "Hypersensitivity," pages 149-177 in 
PhyioDathogenic Prokarvotes, Vol. 2., M. S. Mount and G. 
H. Lacy, ed. Academic Press, New York (1982), which are 
hereby incorporated by reference). The capacities to elicit 
the hypersensitive response m a nonhost and be pathogenic 
in a host appear linked. As noted by KJeraent, Z., 
' Hypersensitivity,' pages 149-177 m Phytopathogenic 
Prokarvotes, Vol. 2., M. S. Mount and G. H. Lacy, ed. 
Academic Press, New York winch is incorporated bv 
reference, these pathogens also cause physiologically 
similar, albeit delayed, necroses m their interactions with 
compatible hosts. Furthermore, the ability to produce the 
hypersensitive response or pathogenesis is dependent on a 
common set oi genes, denoted hip (Lmdgren, P. B., et al., 
"Gene Cluster ot Pseudomonas syrtngae pv. 'phaseoiicola' 
Controls Pathogenicity of Bean Plants and Hypersensitivity 
on Nonhost Plants," J. Bacterial 168:512-22 (1986); Willis, 
D. K.,et a!., "hip Genes of Phytopathogenic Bacteria," Mol. 
Plant-Microbe Interact. 4:132-138 (1991), which are 
hereby incorporated by reference). Consequently, the hyper- 
sensitive response may hold clues to both the nature of plant 
defense and the basis for bacterial pathogenicity. 
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The hrp genes are widespread in gram-negative plant 
pathogens, where they are clustered, conserved, and in some 
cases interchangeable (Willis, D. K.. et al., "hrp Genes of 
Phytopathogenic Bateria," Mol. Plant-Microbe Interact. 
$ 4:132-138 (1991); Bonas, U., "hrp Genes of Phytopatho- 
genic Bacteria," pages 79-98 in: Current lopics in Micro- 
biology and Immunology: Bacterial Pathogenesis of Plants 
and Animals — Molecular and Cellular Mechanisms, 3. L. 
Dangl, ed. Springer- Verlag, Berlin (1994), which are hereby 
incorporated by reference). Several hrp genes encode com- 
ponents of a protein secretion pathway similar to one used 
by Yersinia, Shigella, and Salmonella spp. to secrete proteins 
essential in animal diseases (Van Gijsegem, et al, "Evolu- 
tionary Conservation of Pathogenicity Determinants Among 
Plant and Animal Pathogenic Bacteria," Trends Microbiol. 
1:175-180 (1993), which is incorporated by reference), In £. 
amylavora, P. syringae, and P. solanacearum, hrp genes 
have been shown to control the production and secretion of 
glycine-rich, protein elicitors of the hypersensitive response 
(He, S.Y., et al. "Pseudomonas Syringae pv. Syringae 
HarpinPss: a Protein that is Secreted via the Hrp Pathway 
and Elicits the Hypersensitive Response in Plants," Cell 
73:1255-1266 (1993), Wei, Z.-H., et al., "HrpI of Erwinia 
amylavora Functions in Secretion of Hatpin and is a Mem- 
ber of a New Protein Family," J. Bacteriol. 175:7958-7967 

(1993) ; Arlat, M. et al. "PopAl, a Protein Which Induces a 
Hypersensitive-like Response on Specific Petunia 
Genotypes, is Secreted via the Hrp Pathway of Pseudomo- 
nas solanacearum," EMBO J. 13:543-553 (1994), which 
are hereby incorporated by reference). 

The first of these proteins was discovered in E. amylovora 
Ea321, a bacterium that causes fire blight of rosaceous 
plants, and was designated harpin (Wei, Z.- M., et al, 
"Harpin, Elicitor of the Hypersensitive Response Produced 
by the Plant. Pathogen Erwinia amylovora," Science 
257:85-88 (1992), which is incorporated by reference). 
Mutations in the encoding hrpN gene revealed that harptn is 
required for E. amylovora to elicit a hypersensitive response 
in nonhost tobacco leaves and incite disease symptoms in 
highly susceptible pear fruit. The P. solanacearum GMI1000 
PopAl protein has similar physical properties and also 
elicits the hypersensitive response in leaves (if tobacco, 
which is not a host of that strain (Arlat, et al. "PopAl, a 
Protein Which Induces a Hypersensitive -like Response on 
Specific Petunia Genotypes, is Secreted via the Hrp Pathway 
of Pseudomonas solanacearum," EMBO J. 13:543-553 

(1994) , which is incorporated by reference). However, P. 
solanacearum popA mutants still elicit the hypersensitive 
response in tobacco and incite disease in tomato. Thus, the 
role of these glycine-rich hypersensitive response elicitors 
can vary widely among gram-negative plant pathogens. 

E. chrysanthemi is unlike the bacterial pathogens that 
typically elicit the hypersensitive response, because it has a 
wide host range, rapidly kills and macerates host tissues, and 
secretes several isozymes of the macerating enzyme pectate 
lyase (Barras, F., et al., "Extracellular Enzymes and Patho- 
genesis of Soft-rot Erwinia," Annu. Rev. Phytopathol 
32:201-234 (1994), which is incorporated by reference). 
Nevertheless, pectic enzyme secretion pathway mutants of 
E. chrysanthemi EC16 cause a typical hypersensitive 
response (Bauer, D. W., et ai, "Erwinia chrysanthemi hrp 
Genes and Their Involvement in Soft Rot Pathogenesis and 
Elidtation of the Hypersensitive Response," Mol. Plant- 
Microbe Interact, 7:573-581 (1994), which is incorporated 
by reference). Furthermore, elicitation of the hypersensitive 
response by E. chrysanthemi is dependent on a hrp gene that 
is conserved in E. amylovora and P. syringae and functions 



n of the E. amyiovora haipin (Wei, Z.-H., et 
al., "IlrpI oiErwinia amyiovora Functions in Secretion of 
Harpin and is a Member of a New Protein Family," J, 
Bacterial. 175:7958-7967 (1993); Bauer, D. W„ et al., 
"Envinia chrysanthemi hrp Genes and Their Involvement in ; 
Soft Rot Pathogenesis and Eiicilation »r the Hypersensitive 
Response ,"Mo£ Plant-Microbe Interact. 7:573-581 (1993), 
which are hereby incorporated by reference). 

SUMMARY OF THE INVENTION i 



The present invention relates to an isolated protein or 
polypeptide corresponding to a protein or polypeptide in 
Erwinia chrysanthemi which elicits a hypersensitive 
response in plants. The encoding DNA molecule in isolated 
form or in either an expression system, a host cell, or a 
transgenic plant is also disclosed. 

Another aspect of the present invention relates to a 
method of imparting pathogen resistance to plants by Iraas- 
forming them with a DNA molecule encoding the protein or , 
polypeptide capable of eliciting a hypersensitive response in 
plants and corresponding to a protein or polypeptide in 
Envinia chrysanthemi which elicits hypersensitive response 

BRIEF DESCRIPTION OF THE DRAWINGS 2 
FIG. 1 shows the DNA sequence of hrpN £cft and predicted 
amino acid sequence of its product. Underlined are the 
putative ribosome binding site, the N-terminal amino acids 
confirmed by sequencing the product of pCPP21 72, and a 3 
potential rho-independent transcription terminator. The loca- 
tion and orientation of two Trs5-gusAl insertions are also 
indicated and are numbered according to their location in the 
hrpN EC7l open reading frame. The accession number for 
hrpN is L39S97. 3 

FIG. 2 compares the predicted amino acid sequences of 
HrpN^c,, and HrpN Ea . The predicted amino acid sequences 
of the Envinia chrysanthemi ("Eck") and E. amyiovora 
("Ea") hrpN products were aligned by the Gap Program of 
the Genetics Computer Group Sequence Analysis Software 4 
Package (Devcrcaux, J., ct al., "A Comprehensive Set of 
Sequence Analysis Programs for the VAX," Gene 
12:387-395 (1984)). Two dots denote higher similarity than 
one dot, 

F1U. 3 is an SDS polyacrylamide gel of purified HrpN £cA . 
Purified HrpN^,, was solubilized in SDS loading buffer, 
electrophoresed through a 12% polyacrylamide gel, and 
stained with Coomassie Brilliant Blue. Lane 1, molecular 
weight markers (mid range markers from Diversified 
Biotech, Boston, Mass.) with size in kD shown to the left; 
lace 2, HrpN £cA . 



FIG. 4 shows the response of tobacco ieaf tissue to 
purified IlrpN^. Leaf panel 1 was infiltrated with a sus- 
pension of purified HrpN,r cA at a concentration of 336 /ig/ml 
of 5 mM MES (morphclmoethanesulfonic acid), pH 6.5. 
Panel 2 was infiltrated with buifer aione. The tissue in panel 
1 collapsed 1 8 hrs. later. The leaf was photographed 24 hrs. 
after infiltration using a cross-polarized transilluminator, 
which enhances black and white visualization by making 
necrotic, desiccated areas that arc typical of the hypersen- 
sitive response appear black. 

FIG. 5 shows a tobacco leaf showing that Envinia chry- 
santhemi hrpN mutants do not elicit the hypersensitive 
response unless complemented with hrpN+ pCPP2174. Bac- 
teria were suspended at a concentration of 5x10 8 cells/ml in 
5 mM MES, pH 6.5, and infiltrated into a tobacco leaf. The 
leaf was photographed 24 hr later using cross-polarized 
transillumination as in FIG. 4. Panels and strains: 1, E. 
chrysanthemi CUCPBS006ApelABCE); 2, E. chrysanthemi 
CUCPB5045 (ApelABCE hrpN £ij! 546: :Tn5-gusAl); 3, £. 
chrysanthemi CUCPB5045(pCPP2174); 4, buffer alone; 5, 
E. chrysanthemi CUCPB5046 {ApelABCE hrpN £cJl 439: 
Tn5-gusAl); 6, E, chrysanthemi CUCPB5046(pCPP2174). 

FIG. 6 shows Saintpaulia leaves with rapid necrosis 
elicited by HrpN^ and HrpN ££ . fc * Pel-deficient E. chry- 
santhemi strains. Leaves were inoculated with bacteria at a 
concentration of 3x10 s per milliliter in 5 mM MES, pH 6.5, 
or purified HrpN^ at a concentration of 336 ^g/mt and 
photographed 24 hr later as in FIG. 4. Buffer controls 
elicited do visible response (not shown). Leaves and treat- 
ments: 1, E. chrysanthemi CUCPB5006ApelABCE); 2, E. 
chrysanthemi CUCPB5045 (ApelABCE hrpN £tA 546: 
TnphoA); 3, HrpN FrA ; 4, (left side), E. chrysanthemi 
CUCPB5045 (ApelABCE hrpN £cft 546: Tn5-gusAl); 4 
(right side), E. chrysanthemi CUCPB5063 (ApelABCE 
outD: :TnphoA hfpN £c/i 546: :Tn5-guaAl). 

FIG. 7 shows a diagram of plasmid pCPP19. Significant 
features arc the mobilization (mob) site for conjugation; the 
cohesive site of >. (cos); and the partition region (par) for 
stable inheritance of the plasmid. B, BamHI; E, EcoRI; H, 
HindHI; N, NotI; P, Pslf; S, Sail; Sra, Smal; T3, bacterioph- 
age T3 promoter; T7, bacteriophage T7 promoter; oriV, 
origin of replication; sp r , spectinomycin resistance; Sm r , 
streptomycin resistance. 



The present invention relates to an isolated DNA mol- 
ecule encoding for the hypersensitive response elicitor pro- 
tein or polypeptide from Erwinia chrysanthemi. For 
example, this DNA molecule can comprise the nucleotide 
sequence corresponding to SEQ. ID. No. 1 as follows: 



CGGGTGAACG TGCTATGACC GACAGCATCA CGGTATTCGA 



CCGCGATGAA CCGGCATCAG GCGGCGCGCT 



ATCCGGCGTC 



GATCTGGTAT ' 



GGACACCGGG 



TGATGCAGAT TCAGCCGGGG 



CAOCAATATC CCGGCATGTT GCGCACGCTG CTCGCTCGTC GTTATCAGCA 



TGCGATGGCT GCCATCTGTG CCTGAACGGC AGCGATGTAT TGATCCTCTG GTGGCCGCTG 



s 

CCGTCGGATC CCOGCAGTTA 

ACGTreCCGT CGCTATCCAT AGCACCGACG GCGCGTCCGC , 

CACCGTCGGC GTCACTCAGT AACAAGTATC CATCATGATG CCTACATCGG GATCGGCGTC 540 

GGCATCCGTT GCAGATACTT 1TGCGAACAC CTGACATGAA TGAGGAAACG AAATTATGCA 000 

AATTACGATC AAAGCGCACA TCGGCGGTGA TFTGGGCGTC TCCGGTCTGG GGCTGGGTGC 660 

. ATTCCGCGGC TTCATCGCTG GGTTCCAGCG TGOATAAACT 720 

TGACCTCCGC GCTGACTTCG ATGATGTITG GCGGCGCGCT 780 

GGCGCAGGGG CTOGGCGCCA GCTCGAAGGG (ii T!.< .! .li-Vli. AQCAATCAAC ' 

tttcggcaat ggcgogcagg gtgcgagcaa cctgctatcc gtaccgaaat i 

aaaatgtttg ataaagcgct ggacgatctg ctgggtcatg acaccgtgac 

aaccagagca accaactggc taattcaato ctgaacgcca gccagatgac 

ccagggtaat atgaatgcgt tcggcagcgg tgtgaacaac gcactgtcgt ccattctcgo 

caacggtctc ggccagtcga tgagtggctt ctctcagcct tcictggggg caggcggctt 

ggggcagaat gctgcgctoa gtgcgttgag taacgtcagc acccacgtag acggtaacaa 

ccoccacttt gtagataaag aagatcgcgo catgocoaaa gagatcgocc agtitatgga 

TCAGTATCCG GAAATATTCG gtaaaccgga ataccagaaa gatqgctgga gttcgccgaa 

OTAAAOCGCT GAGTAAACCG OATQATTtACG GTATGACCXtG 



acctgcgtgg cgcgggcggt gcatcgcixtG 

ggcgataaaa tagccaacat gtcgctgggt aagctggcca acgcctgata 

atctgtgctg gcctgataaa gcggaaacga aaaaagagac gggg,\agcct GTcrcrnrc 

TTACCTGGAC CGGTTAATCA tcgtcatcga tctggtacaa 

tcgcgtcgtt acgcgccaca atcgcgatgg catcitoctc 

gtcgctcaga itgcgcggct gatggggaac cccgggtgga atatagagaa actcgccggc 

cagatgqaoa cacgtctgcg ataaatcigt gccgtaacgt gtttctatoc gcccctttag 

cagatagatt gcchjTttcgt aatcaacatg gtaatgcggt tccgcctgtg cgccgoccgg 
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AAAATAGGGC AGTTTTTGCG TGGTATCCGT 
GTTCGTCATC ATCTTTCTCC 



GGCCTGACAA TCTTGAGTTG 2100 



Also encompassed by the present invention are fragments 
of the DNA molecule comprising the nucleotide sequence 
corresponding to SHQ. ID. No. 1. Suitable fragments 
capable of eliciting the hypersensitive response (i.e. eliciting 
necrosis in plants) are constructed by using appropriate 
restriction sites, revealed by inspection of the DNA mol- 
ecule's sequence, to: (i) insert an intcrposon (Fclky, c! al., 
"Interposon Mutagenesis of Soil and Water Bacteria: a 
Family of DNA Fragments Designed for in vitro Insertion 
Mutagenesis of Gram-negative Bacteria, Gene 52:147-15 
(1987), which is hereby incorporated by reference) such that 
truncated forms of the hypersensitive response elicitor 
polypeptide or protein, 1hat lack various amounts of the 
C- terminus, can be produced or (ii) delete various internal 
portions of the protein. Alternatively, the sequence can be 
used to amplify any portion of the coding region, such that 
it can be cloned into a vector supplying both transcription 
and translation start signals. 



Variants may also (or alternatively) be modified by, for 
example, She deletion or addition of amino acids that have 
minimal influence on the properties, secondary structure and 
hydropathic nature of the polypeptide. For example, a 

is polypeptide may be conjugated to a signal (or leader) 
sequence at the N -terminal end of the protein which 
co-translationally or post-translationally directs transfer of 
the protein. The polypeptide may also be conjugated to a 
linker or other sequence for ease of synthesis, purification or 

20 identification of the polypeptide. 



The DNA molecule, corresponding to SEQ. ID. No. 1, 
contains an open reading frame which codes for the hyper- 
' sensitive response elicitor polypeptide or protein from 
Erwima chrysanthemi and corresponds to SEQ. ID. No. 2 as 
follows: 



Qlv Leu Qly Ala Gin Giv Leu Lys (. 
Leu OIv Ser Sei Va] Asp Lys Leu f 



Ser 



it tie Asp Lys Leu Thr 

Ser Ala Leu Thr Ser Met Met Phe Giv Gly Ala Leu Ala Gin Gly Leu 

50 55 00 

Giv Ala Ser Set Lys Gly L*« Gly Mel Ser Aan Gin Leu Gly Gin Ser 

6S 70 75 ' 80 

85 ^ 90 OS y 

Ser Gly Gly Asp Ala Leu Ser Lys Met Phe Asp Lys Ala Leu Asp Asp 



Leu 



Asn Gly Leu Gly Gill Sei Md Ser Gly Fhe Ser Gin 1 

165 170 

Ala Gly Gly Leu Gin Gly Leu Ser Gly A! a Gly Ala I 

Gly Ase Ala lie Gly Met Gly Va] Gly Gin Asn Ala , 

195 200 ; 

Lou Ser Am Val Ser Ttr His Val Asp Giv Asn Aaa I 

210 215 220 

Asp Lys Olu Asp Arg Gly Met Ala Lys Glu lie Giv < 

225 230 2.15 

Gin Tyr Pro Glu He Phe Gly Lvs Pro Glu Tyr Gin 1 
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-continued 

Ser Ser Pro Lys Thj Asp Asp Lys Ser Trp Ala Lys Ala leu Ser Lys 
260 265 270 

Pro Asp Asp Asp Gly Met Thr Giy Ala Ser Mel Asp Lys Phe Aig Gin 
275 280 235 

Ala Met Gly Met He Lys Ser Ah Val Ala Giy Asp Thr Gly Asa Thr 
290 295 300 

Asn Lei: Asn Lei: Arg Gly Ala Gly Gly Ala Ser Leu Gly lie Asp Ala 



This protein or polypeptide has a molecular weigh! of 32 so The DNA molecule containing just, the open reading 
36 kDa, preferably 34 kDa. it is heat stable (i.e., activity is frame coding for SEQ. ID. No. 2 has the nucleotide 
retained upon boiling for 10 min.) T has a glycine content of 20 sequence corresponding to SEQ. ID. NO. 6 as follows: 
greater than 16%, and contains no cysteine. 

1 ATGCAAATTACOATXrAAAGCGCACATCGQCQOTQATTTXKKKGTCTCCGOTCT 60 

61 GOTOCrcAGGGACTGAAAGGACroAATTCCGCGGCT^^ 120 

121 AAACTGAGCAGCACCATCGATAAGTTGACCTCCGCGCTOACTTC^^ 180 

181 GCGCIXKK^GCAGGGGCTGGGCGCCAGC1X^GAAGGGGCTGGGX>ATGAGX?AATCAACIGGGC 240 

241 CAGTCrn-CGGCAATGGCGCXKrAGGGTGCGAGCAACCrGCrATCCGTACCGAAA'rCCGGC 300 



361 GTGACCAAGCTGACTAACCAGAGCAACCAACTG<K^AATTCAATGCTGAACGCCAGCCAG 

421 ATGACCCAGGGTAATATGAATGCGTTCGGCAGCXIGTGTGAACAACXSCACTGTCGTCCATT 

431 CTCGGCAACGGTCrCGQCCAGlCGATGAGTGGCirCTCrCAGCCTTCTCTGGGGGCAGGC 

543 GGCTTGCAGGGCCTGAGCGGCGCGGGTCCATTCAACCAGTTGGGTAATGOCATCGGCATG 



^ArTTTGTAGATAAAOAAnATCriCrrGCATnCTCOA/ 

721 ATGGATCAGTATCCGGAAATATTCXK3TAAACCGOAATACCAGAAAGA1GGCTOGAGTTCG 

781 CCGAAGACGGACGACAAATCCTGGGCl'AAAGCGCTGAGTAAACCGGATGATGACGGTATC 

841 ACCGGCGCCAGCATGGACAAATTCCGTCAGGCGATGGGTATGATCAAAAGCGCGGTGGCG 

901 GGTGATACCGGCAATACCAACCTGAACCKiCGTCGCGCGGGCGGTOCATrGCrGGGTATC 

961 GATG<XjGCTGTCGTCGGCXrATAAAATAGCCAACATGTUGCTGGGTAAGCTG 

1021 TGA 
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The protein or polypeptide of the present 
preferably produced in purified form {preferably, at least 
about. 80%, more preferably 90%, pure) by conventional 
techniques. Typically, the protein or polypeptide of the 
present invention is isolated from E. coli by lysing and s 
sonication. After washing, the lysate pellet is resuspended in 
buffer containing Tris-HCL During dialysis, a precipitate 
forms from this protein solution. The solution is centrifiiged, 
and the pellet is washed and resuspended in the buffer 
containing Tris-HCl. Proteins are resolved by electrophore- 
sis through an SDS 12% polyacrylamide gel. 10 

The DNA molecule C encoding the hypersensitive 
response eliciior polypeptide from Erwinia ckrysanthemi 
can be incorporated in cells using conventional recombinant 
DNA technology. Generally, this involves inserting the DNA 
molecule into an expression system to which the DNA 15 
molecule is heterologous (i.e. not normally present). The 
heterologous DNA molecule is inserted into the expression 
system or vector in proper sense orientation and correct 
reading frame. The vector contains the necessary elements 
for the transcription and translation of the inserted protein- 20 
coding sequences. 

U.S. Pat. No. 4,237,224 u> Cohen and Royer, which is 
hereby incorporated by reference, describes the production 
of expression systems in the form of recombinant plasmids 
using restriction enzyme cleavage and ligation with DNA 25 
ligase. These recombinant plasmids are then introduced by 
means of transformation and replicated in unicellular cul- 
tures including procaryofic organisms and eucaryotic cells 
grown in tissue culture. 

Recombinant genes may also be introduced into viruses, 30 
such as vaccina virus. Recombinant viruses canbe generated 
by transfection of plasmids into cells infected with virus. 

Suitable vectors include, but are not limited to, the 
following viral vectors such as lambda vector system gtll, 
gt WES.tB, Charon 4, and plasmid vectors such as pBR322, 3S 
pBR325, pACYC177, pACYC184, pUC8, pUC9, pUCIS, 
pUCl", ptG339, pR2y(J, pKC37, pKClOl, SV 40, pBlue- 
script nSKi or KS * (see "Slralagene Cloning Systems" 
Catalog (1993) from Stratagene, La. Jolla, Calif., which is 
hereby incorporated by reference), pQE, pIHS21, pGEX, 4U 
pET scries (sec F. W. Studicr ct. al., "Use of T7 RNA 
Polymerase to Direct Expression of Cloned Genes," Gene 
Expression Technology vol. 185 (1990), which is hereby 
incorporated by reference), and any derivatives thereoi 
Recombinant molecules can be introduced into cells via 45 
transformation, transduction, conjugation, mobilization, or 
electroporation. The DNA sequences are cloned into the 
vector using standard cloning procedures m the art, as 
described by Maniatis et al., Molecular Cloning: A Labo- 
ratory Manual, Cold Springs Laboratory, Cold Springs 50 
Harbor, N.Y. (1982), which is hereby incorporated by ref- 

A variety of host-vector systems may be utilized to 
express the protein-encoding sequencers). Primarily, the 
vector system must be compatible with (he host cell used. 55 
Host -vector systems include but are not limited to the 
following: bacteria transformed with bacteriophage DNA, 
plasmid DNA, or cosmid DNA; microorganisms such as 
yeast containing yeast vectors; mammalian cell systems 
infected with virus (e.g., vaccinia virus, adenovirus, etc.); 60 
insect cell systems infected with virus (e.g., baculo virus); 
and plant cells infected by bacteria or transformed via 
particle bombardment (i.e. biolistics). The expression ele- 
ments of these vectors vary in their strength and specificities. 
Depending upon the host-vector system utilized, any one of 65 
a number of suitable transcription and translation elements 
can be used. 
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Different genetic signals and processing events control 
many levels of gene expression (e.g., DNA transcription and 
messenger RNA (mRNA) translation). 

Transcription of DNA is dependent upon the presence of 
a promoter which is a DNA sequence that directs the binding 
of RNA polymerase and thereby promotes mRNA synthesis. 
The DNA sequences of eucaryotic promoters differ from 
those of procaryotic promoters. Furthermore, eucaryotic 
promoters and accompanying genetic signals may not be 
recognized in or may not function in a procaryotic system, 
and, further, procaryotic promotors are not recognized and 
do not function in eucaryotic cells, 

Similarly, translation of mRNA in procaryotes depends 
upon the presence of the proper procaryotic signals which 
differ from those of eucaryotes. Efficient translation of 
mRNA in procaryotes requires a ribosome binding site 
called the Shine-Dafgarno ("SD") sequence on the mRNA. 
This sequence is a short nucleotide sequence of mRNA that 
is located before the start codon, usually AUG, which 
encodes the amino-lermmai methionine of the protein. The 
SD sequences are complementary to the 3'-end of the 16S 
rRNA (ribusomal RNA) and probably promote binding of 
mRNA to ribosomes by duplexing with the rRNA to allow 
correct positioning of the ribosome. For a review on maxi- 
mizing gene expression, sec Roberts and Laucr, Methods in 
Enzymology, 68:473 (1979), which is hereby incorporated 
by reference. 

Promotors vary in their "strength" (i.e. their ability to 
promote transcription). For the purposes of expressing a 
cloned gene, it is desirable to use strong promoters in order 
to obtain a high level of transcription and, hence, expression 
of the gene. Depending upon the host cell system utilized, 
any one of a number of suitable promoters may be used. For 
instance, when cloning in E. coli, its bacteriophages, or 
plasmids, promoters such as the T7 phage promoter, lac 
promotor, trp promoter, recA promotor, ribosomal RNA 
promoter, the ? R and 1^ promoters of colipbage lambda and 
others, including but not limited, to lacUV5, ompF, bla, Ipp, 
and the like, may be used to direct high levels of transcrip- 
tion of adjacent DNA segments. Additionally, a hybrid 
trp-lacUV5 (tac) promotor or other E. coli promotors pro- 
duced by recombinant DNA or other synthetic DNA tech- 
niques may be used to provide for transcription of the 
inserted gene. 

Bacterial host cell strains and expression vectors may be 
chosen which inhibit the action of the promotor unless 
specilically induced. In certain operons, the addition of 
specific inducers is necessary for efficient transcription of 
the inserted DNA. For example, the lac operon is induced by 
the addition of lactose or IPTG (isopropylthio-beta-D- 
galactoside). A variety of other operons, such as trp, pro, 
etc., are under different controls. 

Specific initiation signals are also required for efficient 
gene transcription and translation in procaryotic cells. These 
transcription and translation initiation signals may vary in 
"strength" as measured by the quantity of gene specific 
messenger RNA and protein synthesized, respectively. The 
DNA expression vector, which contains a promotor, may 
also contain any combination of various "strong" transcrip- 
tion and/or translation initiation signals. For instance, effi- 
cient translation in E. coli requires a Shiue-Dalgarno (SD) 
sequence about 7-9 bases 5' to the initiation codon (ATG) to 
provide a ribosome binding site. Thus, any SD-ATG com- 
bination that can be utilized by host cell ribosomes may be 
employed. Sucb combinations include but are not limited to 
the SD-ATG combination from the cro gene or the N gene 
of coliphage lambda, or from the E. coli tryptophan E, D, C, 
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B or A genes. Additionally, any SD-ATG combination 
produced by recombinant DNA or other techniques involv- 
ing incorporation of synthetic nucleotides may be used, 

Once the isolated UNA molecule encoding the hypersen- 
sitive response elicitor protein or polypeptide from Erwima 
chrysanthemi has been cloned into an expression system, it 
is ready to be incorporated into a host cell. Such incorpo- 
ration can be carried out by the various forms of transfor- 
mation noted above, depending upon the vector/host cell 
system. Suitable host cells include, bill are not limited to, 
bacteria, virus, veast, mammalian cells, insect, plant, and the 
like. 

One aspect of the present invention involves using the 
DNA molecule encoding the hypersensitive response elicitor 
from Erwima chrysanthemi to transform plants in order to 
impart localized resistance to pathogens, such as bacteria, 
fungi, nematodes, and viruses, using a promoter specifically 
activated by one or more of these pathogens. As a result, 
when the transgenic plant is infiltrated by such pathogens, 
the leaves of the plant will undergo localized collapse. This 



confines tire 

and, ultimately, the pathogen perishes. Transformation of 
plants with the DNA molecule of the present invenLion is 
particularly useful where the plant does not exhibit a hyper- 
sensitive response to pathogens or is weakly responsive to 
such pathogens. This requires that hrpN^,,, be hooked up to 
the promotor of a plant gene that the pathogen induces such 
as PAL, CHS, etc. Otherwise, brpN will kill the plant. It may 
also be appropriate to transform plants with this DNA 
molecule where the pathogens they are susceptible to do not 
elicit a hypersensitive response or elicit a response which is 

This aspect of the present invention requires that the 
subject DNA molecule be incorporated in plants with a 
suitable promoter which is activated by pathogen infection. 
Suitable promoters for these purposes include those from the 
following genes: genes expressed in response to fungus and 
bacterial infection {e.g., genes encoding phenylalanine 
ammonia lyase and chaicone synthase) and genes involved 
in the development of senescence. 

The isolated DNA molecule of the present invention can 
be utilized to impart localized resistance to pathogens for a 
wide variety of plants, including both monocots and dicots. 
Although the gene can be inserted into any plant falling 
within these broad classes, it is particularly useful in crop 
plants, such as rice, wheat, barley, rye, corn, potato, sweet 
potato, bean, pea, chicory, lettuce, endive, cabbage, 
cauliflower, broccoli, turnip, radish, spinach, asparagus, 
onion, garlic, eggplant, pepper, celery, carrot, squash, 
pumpkin, zucchini, cucumber, apple, pear, quince, melon, 
plum, cherry, peach, nectarine, apricot, strawberry, grape, 
raspberry, blackberry, pineapple, avocado, papaya, mango, 
banana, soybean, tobacco, tomato, sorghum, and sugarcane. 
The present invention may also be used in conjunction with 
non-crop plants, including Arahidopsis lhaliana, 
saintpaulia, petunia, pelargonium, and zinnia. 

The expression system of the present invention can also 
be used to transform virtually any plant cell under suitable 
conditions. Cells transformed in accordance with the present 
invention can be grown in vitro in a suitable medium to 
impart localized resistance to pathogens. Transformed ceils 
can be regenerated into whole plants such that this protein 
imparts localized resistance to pathogens to the intact trans- 
genic plants. In either case, the plant cells transformed with 
the recombinant DNA expression system of the present 
invention are grown and caused to express that DNA in the 
cells in response to a pathogen to impart localized 
to pathogens on them, 



One technique of transforming plants with the DNA 
molecule in accordance with the present invention is by 
contacting the tissue of such plants with an inoculum of a 
bacteria transformed with a vector comprising a gene in 
accordance with the present invention which imparts local- 
ized resistance to pathogens. Generally, this procedure 
involves inoculating the plant tissue with a suspension of 
bacteria and incubating the tissue for 48 to 72 hours on 
regeneration medium without antibiotics at 25°-28 c C. 

Bacteria from the genus Agrobacterium can be utilized So 
transform plant cells. Suitable species of such bacterium 
include Agrobacterium tumefacieris and Agrobacterium 
rhizogenes. Agrobacterium tumefacieris (e.g., strains 
LBA4404 or EHA105) is particularly useful due to its 
well-known ability to transform plants, 
s Another approach to transforming plant cells with a gene 
which imparts localized resistance to pathogens is particle 
bombardment (also known as biolistic transformation) of the 
host cell. This can be accomplished in one of several ways. 
The first involves propelling inert or biologically a 



) that further growth is prevented, 20 particles at cells. This technique is disclosed in U.S. Pat, 



Nos. 4,945,050, 5,036,006, and 5,100,792, all to Sanford el 
al., which are hereby incorporated by reference. Generally, 
this procedure involves propelling inert or biologically 
active particles at the cells under conditions effective to 
2S penetrate the outer surface of the cell and to be incorporated 
within the interior thereof. When inert particles are utilized, 
the vector cat) be introduced into the cell by coating the 
particles with the vector containing the heterologous DNA. 
Alternatively, the target cell can be surrounded by the vector 
so that the vector is carried into the cell by the wake of the 
30 particle. Biologically active particles (e.g., dried bacterial 
cells containing the vector and heterologous DNA) can also 
be propelled into plant cells. 

The hypersensitive response elicitor polypeptide or pro- 
tein of the present invention can be applied to all or part of 
35 the plants listed previously to impart resistance to the plants. 
In this procedure, the polypeptide or protein alone, mixed 
with a carrier, and/or with plant treating agents {e.g., 
fertilizers, insecticides, fungicides, etc.) can be applied to 
plant. Such application requires infiltration of the polypep- 
40 tide or protein into the plant by, for example, injection, leaf 
abrasion proximate to the time of application, or high 
pressure spraying. 

The isolated DNA molecule of the present invention could 
be used to generate male stenle plants used in plant breeding 
45 for generation of hybrids. A promoter from a plant gene 
involved specifically in pollen development could be used to 
express the hypersensitive response elicitor polypeptide or 
protein in anthers, resulting in death of the anther and/or 
pollen. 

50 The hypersensitive response elicitor polypeptide or pro- 
tein of the present invention could be used as a regulatable 
suicide factor to kill a transgenic plant on demand. If it were 
engineered to be expressed from a promoter that is induced 
in response to a normally nontoxic, environmentally 

55 friendly, inducer molecule, the plant could be killed by 
spraying with the inducer molecule rather than with herbi- 
cides. This could be used, for example, instead of herbicides 
to kill potato vines to facilitate harvest and reduce the 
devastating tuber blight phase of late blight. This could also 

60 be linked with other transgenes to permit the control of a 
transgenic plant that escaped or outcrossed with a weed. For 
example, a concern with pathogen-derived resistance to 
viruses is that the virus resistance genes could spread from 
the transgenic crop to related weeds that are normally held 

65 in check by natural virus infections. These new, more hardy 
weeds, would now be sensitive to killing by the inducer of 
the gene. 
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The hypersensitive response elicitor polypeptide or pro- 
tein of the present invention may be used as a selective 
herbicide in synergistic combination with an avirulence 
protein that interacts with a resistance gene product that is 
unique to the targeted weed (or is lacking from crop plants), s 

Ft may be possible to use the hypersensitive response z 
elicitor polypeptide or protein of the present invention in a 
tissue culture selection scheme to select cultures that are 
resistant to it. Regenerated plants may then be resistant to £. 
chrysanthermi and may even be resistant to a wide range of 10 F 
plant pathogenic bacteria. It is possible that this protein or a 
polypeptide has effects on animal cells that could be 
exploited for medical use, insect control. 

Ihe hypersensitive response elicitor protein or polypep- 
tide can also be used to raise monoclonal or polyclonal l 
antibodies by conventional procedures. At least the binding 
portions of these antibodies can be sequenced and encoding 
DN A synthesized. The encoding DNA molecule can be used 
to transform plants together with a promoter which causes 
expression of the encoded protein when the plant is infected 2 
by Erwinia chrysanthemi. The expressed protein will bind to 
the pathogen and help prevent the usual necrotic response. 
Antibodies to this protein or polypeptide of the present 
invention could also be used 10 identify pathogenic Erwinia, 

EXAMPLE 1 
Bacterial Strains, Plasmids and Culture Conditions 
Bacterial strains arsd plasmids are listed in Table 1. 



pBluescript t[ 

skb 

pCPM9 
pUC119 



pCFP2I42 
pCPP2]41 



supE44 supFSg hsdS3(r B ~ 
iecA56 galK2 ga!T22 

fa /AMIS) hsdRlT^eeAI 
endAl gvrA96 thi-3 
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TABLE 1 -continued 



downstream of tac 

pCPP] 9 carrying £. 

hybridizing with E. 
amytovora hrp genes in 
pCPP1033 

carrying krpN E . or, 13 
kb Hindili fragment 
pCPP19 carrying E. 
chrysemthemi DNA 
hybridizing with E. 



from pCPP2157 in 
pBluescript II SKR 
hipN Ed , in opposite 



pBluestiipt II SK(-) 
krpN,^, in same 



j.O Kb hjpN M * PCR 



and Messing 
is IVWf 



eiidAi araD139 A( 
Icui 7697 gslU gal 



AC4150 
CUCPB50W 



CUCPB5046 
CUCPB5063 
CUCPB5049 



derivative of EC1S 
A(pelB pe!C):;28bp 
4(pelApeIE)derivath 



1983/ 
(He and C 



-„546::Tfi5~gusA] 
live of CUCPB5Q3Q 
a ,:439::TnS-gusAl 
:ivc of AC415Q* 



Sm s - streptomycin re 
itracydine resi 



Tel" 



=Hanaban, 



19 (1990), which is hereby im 
-jsujsnoMer, W. H., McFadden, L A., and 1 
of Chrysanthemums," Phytopathology 43: 
incorporated by reference. 
. 'Chatterjee, A. K., THiirn, K. K„ and Feese 



16 (1953), whi 
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TABT.E 1 -continued 




Chrysanthemi hrp Genes and then Involvement m Soft Rot Fathogeiiesis and 

7:573-581 (3B94). which is hereby incorporated hy refenaKS. 
'Wei, Z. -M.. Labv. R. J., Zumoff, C. H.. Bauer. D. w.. He. S. V. Colimer. A.. 
and Beei, S. V, Haipm, Elicitor of ibe Hypersensitive Response Produced 
bv the Plan! Pathogen Ervirtia amvlavora." Science 257:B5-iS8 (1992;. which 

'Vieira, J.. aud^Messing,^.. "Production of Single-stranded Plasmid DNA." 
Meli. EtKymol. 153:3-11 (1987). whidl is hereby meorposaled bv reference. 
^Biocms. J.. '■Superpolyhnkers in Cloning and Expression Vectors," DNA 
8:759-777 (1989). which is hereby incorporated by reference, 
^harma, S. B„ and Signer, E. R., Temporal and Spatial Regulation of the 
Symbiotic Genes ot Phizobuan meliloti m Planta Revealed by Transposon 
TnS-gusA." Genes Develop. 4:344-356 (1990 1, which is hereby incorporated 

E, chrxsanlhemi was routinely grown in King's medium E 
("KB") (King, E. O. et al., "Two Stmple Media tor the 
Demonstration of Pyocyamn and Fluorescein,' J. Lab. Med. 
22:301-307 (1954), which is hereby incorporated by 
reference) at 30° C, E. coli in LM medium (Hanahan, D., 
"Studies on transformation of Escherichia coli with 
Plasmids," /. Moi. Biol. 166:557-580 (1983), which is 
incorporated by reference) at 37° C, and E. amylovora in 
LB medium at 28°-30° C. Ine following antibiotics were 
used in selective media in §he amounts indicated (ug/mi), 
except where noted: ampicillin, 100; kanamycin, 50; 
spectinomycin, 50; and streptomycin, 25. 

EXAMPLE 2 
General DNA Manipulations 

Plasmid DNA manipulations, colony blotting, and South- 
ern blot analyses were performed using standard techniques 
(Sambrook, J., et a!., "Molecular Cloning. A Laboratory 
Manual," Second Edition, Cold Spring Harbor, Cold Spring 
Harbor (1989), which is incorporated by reference). Dele- 
tions for sequencing were constructed with the Erase-a-Base 
Kit (Promega, Madison, Wis.). Double stranded DNA 
sequencing templates were prepared using Qiagen Plasmid 
Mini Kits (Chatsworth, Calif). Sequencing was performed 
rising the Sequenase Version 2 kit (U.S. Biochemical, 
Cleveland, Ohio). The Tn5-gusAl insertion points were 
determined on an Applied Biosystems (Foster City, Calif.) 
Automated DNA Sequencer Model 373A by the Cornell 
Biotechnology Center. DNA sequences were analyzed with 
the Genetics Computer Group Sequence Analysis Software 
Package (Devereaux, J., ei al., "A Comprehensive Set of 
Sequence Analysis Programs Tor ihe VAX," Gene 
12:387-395 (1984), which is hereby incorporated by 
reference). Comparison of HrpN EoJl (i.e. ihe gene encoding 
the hypersensitive response elicitor polypeptide or protein 
from Erwinia chrysanthemi) and HrpN^ (i,e. the gene 
encoding ihe hypersensitive response elicitor polypeptide or 
protein from Erwinia amylovora) by the Gap Program was 
doue with a gap weight of 5 .0 and a gap length weight of 0.3 . 
Marker-exchange mutagenesis was performed as described 
(Bauer, D. W., et al., "Erwinia chrysanthemi hrp Genes and 
Their Involvement in Soft Rot Pathogenesis and Elicitation 
of the Hypersensitive Response," Mol. Plant-Microbe 
Interact, 7:573-581 (1994), which is incorporated by 
reference). The oligonucleotide used to determine the loca- 
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tion of Tn5-gusAi insertions in hrpN^ was TGACCTG- 
CAGCCAAGCTTTCC (SEQ. ID. No. 3). The oligonucle- 
otide used as the first primer to amplify the hrpN £cA ORF 
and to introduce a Ncol site at the 5' end of the gene was 

5 AGTACCATGGTTATTACGATCAAAGCGCAC (SEQ. 
ID. No. 4); ihe one used as ihe second primer to inlroduce 
an Xhol site at the 3' end of the gene was AGATCTC- 
GAGGGCGTTGGCCAGCTTACC (SEQ. ID. No. 5). Prim- 
ers were synthesized by Integrated DNA Technologies 

io (Coral ville, Iowa). 

EXAMPLE 3 

Protein Manipulations 

HrpN^u, was purified from E. coli Dh5a(pCPP2172) 
cultures grown at 30° C. to stationary phase in 50 ml of 
Terrific Broth (Sambrook, J., et al, "Molecular Cloning. A 
Laboratory Manual," Second Edition, Cold Spring Harbor, 
Cold Spring Harbor (l u 89), which is incorporated by 
reference) supplemented with ampkiltin al a concentration 
of 200 jHg/ml, Cells were lysed by lysozyme treatment and 
sonicatfcm as described (Sambrook J., et al., "Molecular 
Cloning. A Laboratory Manual," Second Edition, Cold 
Spring Harbor, Cold Spring Harbor (1989), which is incor- 
porated by reference). The lysatc pellet was washed twice 
with 9 volumes of lysis buffer containing 0.5% Triton X-100 
and 10 mM EDTA, pH S.0, 0.1 mM pheiiylmethylsulfonyl 
fluoride (PMSF), and reharvested each time by centrifuga- 
tion at 12,000xg for 15 rain. The pellet was restispended in 
2.0 ml lysis buffer containing 0.1 mM PMSF, dissolved by 

x the addition of 2.5 ml of 8M guanidine-HCl in lysis buffer 
and then diluted with 5.0 ml water, The protein solution was 
dialyzed in SpectraPor #1 dialysis tubing against 2.0 I of 5 
mM MES, pH 6.5, containing 0.05 mM PMSF. The precipi- 
tate that formed during dialysis and the solution were 
centrifuged for 15 min at. 4,300xg. The pellet was washed 
once with 10 ml of 5 mM MES, pH. 6.5, with 0.1 mM PMSF 
and then resuspended in 2.0 ml of the same buffer. Protein 
concentrations of homogeneous suspensions were deter- 
mined following dissolution in the reagents of the dye- 

^ binding assay of Bradford (Bradford, M., "A Rapid and 
Sensitive Method for the Quantitation of Microgram Quan- 
tities of Protein Utilizing the Principle of Protein-dye- 
binding," Anal. Biocham, 62:248-2254 (1976), which is 
incorporated by reference). Proteins in crude celt lysates or 

45 following purification were resolved by electrophoresis 
through an SDS 12% poiyacrylamide gel and visualized by 
staining with Coomassie Brilliant Blue R. The N-terminal 
sequence of purified HrpN icA was determined at the Cornell 
University Biotechnology Program Analysis Facility. 

so EXAMPLE 4 

Plant Assays 

Tobacco {Nicotiana tabacum L. var Xauthi), tomato 
(Lycopersicon esculenmm Mill, var Sweet 199), pepper 
(Capsicum annuum L. var Sweet Hungarian), Sainlpaulia (.S. 

55 ionantha Wendl.wax. Paris), petunia (P, grandiftoraJuss. var. 
Blue Frost), pelargonium (P. hortorum Bailey), winter 
squash (Cucurbita maxima Duchesne.), and Zinnia (Z. 
elegans Jacq.) plants were grown under greenhouse condi- 
tions or purchased at a local garden shop and then main- 

60 tained in the laboratory at room temperature, with incident 
daylight supplemented with a 500 W halogen lamp, for 
hypersensitive response assays. Witloof chicory (Cichoriutn 
intybus L.) "Belgian endive" heads were purchased torn a 
local supermarket. Bacterial inoculum was prepared and 

65 delivered as previously described (Bauer, D. W., et al., 
"Erwinia chrysanthemi hrp Genes and Their Involvement in 
Soft Rot Pathogenesis and Elicitation of the Hypersensitive 
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," Mol. Plant-Microbe Interact, 7:573-581 (1994), 
which is incorporated by reference), Briefly, to assay soft-rot 
pathogenesis, 5 til of inoculum was applied to a small wound 
io detached chicory leaves; to assay for hypersensitive 
response elicitation, inoculum was injected into the inter- 5 
cellular spaces of plant leaves with a needle-less plastic 
syringe. Hereafter, io these examples, this injection proce- 
dure is referred to as "infiltrated" or as "infiltrations". 

EXAMPLE 5 lQ 
Molecular Cloning of the E. chrysanthemi hrpN ErA Gene. 

Eighteen cosmids containing E. chrysanthemi DNA 
sequences hybridizing with a region of thc£. amylovora hrp 
cluster that is widely conserved in plant pathogenic bacteria 
were previously isolated (Bauer, D. W,, et al., "Erwinia ^ 
chrysanthemi hrp Genes and Their Involvement in Soft Rot 
Pathogenesis and Elicitation of the Hypersensitive 
Response," jMoi Plant-Microbe Interact, 7:573-581. (1994), 
which ts incorporated by reference). The pattern of restric- 
tion fragments released from these cosmids indicated they ^ 
all contained overlapping inserts from the same region of the 
E. chrysanthemi genome, The cosmids were probed in 
colony blots with a 1 .3 kb Hindlll fragment from pCPP1084, 
which contains the E. amylovora hrpN gene (Wei, Z.-M„ et 
al., "Hatpin Elicitor of the Hypersensitive Response Pro- 
duced by the Plant Pathogen," Science 257:85-88 (1992), 
which is incorporated by reference). pCPP2157, one of the 
three cosmids hybridizing with the probe, was digested with 
several restriction enzymes, and the location of the farpN £efl 
gene in those fragments was determined by probing a ^ 
Southern blot with the E. amylovora IlindlH fragment. Two 
fragments, each containing the entire hrpN^ gene, were 
subcloned into different vectors: pCPP2142 contained an 8.3 
kb Sal! fragment in pUCliy (Vieira, J., et al., "Production 
of Single-stranded Plasmid DNA, Meth. Enzymal, 153:3-11 
(1987), which is incorporated by reference), and pCPP2141 
contained a 3.1 kb Pstl fragment in pBluescript II SK(-) 
(Stratagcnc, La Jolla, Calif.) and was used to sequence the 
hrpN £c/! gene. 

EXAMPLE 6 40 

Sequence of hrpN reA 

The nucleotide sequence of a 2.4 kb region of pCPP2141 
encompassing hrpN £cA was determined. The portion of that 
sequence extending from the putative ribosome binding site 
through the hrpN^,, coding sequence to a putative rho- 45 
independent terminator is presented in FIG. 1. The typical 
ribosome-binding site, consisting of GAGGA, was located 
10 bases upstream of the ATG translational initiation codon. 
No promoter sequences were discernible upstream of hrp- 
N EtA , Instead, the presence of another open reading frame 50 
suggested that hrpN ic/ , is the last open reading frame in a 
polycistronic operon. hrpN £eA codes for a predicted protein 
that is 34.3 kD, rich in glycine (16.2%) and lacking in 
cysteine. Comparison of the amino acid sequences of the 
predicted hrpN^ and hrpN £e . A products revealed extensive 55 
similarity, particularly in the C-terminal halves of the pro- 
teins (FIG. 2). The overall identity of the hrpN genes and 
proteins was 66.9% and 45.5%, as determined by the FASTA 
and Gap algorithms, respectively (Devereaux, J., et al., "A 
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and selecting a clone with the fragment in pBluescript II 
SK(-) in the opposite orientation from pCPP2141 to pro- 
duce pCPP2172. E, coli DH5a(pCPP2172) expressed hrp- 
N Ech from the vector lac promoter and produced high levels 
of a protein with an estimated molecular mass of 36 kD in 
SDS poSyacrylamide gels, which is close to the predicted 
size (FIG. 3). Furthermore, the N-terminal 10 amino acids of 
the 36 kD protein, determined by microsequencing follow- 
ing purification as described below, corresponded with the 
predicted N-temiinus of HrpN £iA . No N-terminal signal 
sequence for targeting to the general export (Sec) pathway 
was discernible in the HrpN icA sequence, and the data 
showed no evidence of processing of the N-tenninus. 
EXAMPLE 7 

Purification of the hrpN tcft Product and Demonstration of its 
Hypersensitive Response Elicitor Activity in Tobacco 

When DH5a(pCPP2i72) cells were disrupted by sonica- 
lion and then centrifuged, most of the HrpN £tA protein 
sedimented with the cell debris. However, soluble HrpN^ 
could be released from this material by treatment with 4.5M 
guaoidinc-HCl. This suggested that the protein formed 
inclusion bodies which could be exploited for purification. 
As detailed in Example 3, it was found that HrpN^ 
reprecipitated when the guanidine-HCl was removed by 
dialysis against dilute buffer. Tire HrpN El . ;i precipitate could 
be washed and resuspended in buffer, in which it formed a 
fine suspension. SDS polyacrylamide gel analysis revealed 
the suspension to be electrophoretically homogeneous Hrp- 
N Ccft (FIG. 3). 

Cell-free lysates from E. coii DI15a(pCPP2172) cells 
grown in LB medium were infiltrated into tobacco leaves. 
Necrosis typical of the hypersensitive response developed 
within IK hr, whereas leaf panels infiltrated with identically 
prepared lysates of DH5a(pBluescript SK-) showed no 
response. The suspension of purified HcpN £c . A at a concen- 
tration of 336 /ig/ml also caused a necrotic response within 
18 hrs. that was indistinguishable from that caused by E. 
chrysanthemi CUCBP5030 or cell-free lysates from E. coii 
DH5ct(pCPP2172) (FIG. 4), Tobacco plants vary in their 
sensitivity to harpins, and elicitation of the hypersensitive 
response hy HrpN^ at lower concentrations was found to 
be variable. Consequently, a concentration of 336 ftgiml was 
used in all subsequent experiments. The concentration of 
HrpN tcA that is soluble in apoplastic fluids is unknown. To 
determine the heat stability of HrpN El . h , the suspension of 
purified protein was incubated at 100° C. for 15 min and 
then infiltrated into a tobacco leaf, There was no apparent 
diminution in its ability to elicit the hypersensitive response, 
'itiese observations indicated that HrpN^ is sufficient to 
account for 1he ability of E. chrysantheimi to elicit the 
hypersensitive response in tobacco. 



Comprehensive Set of Sequence Analysis 



EXAMPLE 8 

hrpN^ tA Mutants Fail to Elicit (he Hypersensitive response 
in Tobacco 

E. coil DH10B(pCPP2142) was mutagenized with Tn5- 
gusAl (Sharma, S. B., ct al., "Temporal and Spatial Regu- 
lation of the Symbiotic Genes of Rhizobium meliloti in 
Pianta Revealed by Transposon TNS-gusA, Genes Develop 



VAX," Gene 12:387-395 (1984); Pearson, W. R., et at., 
"Improved Tools for Biological Sequence Comparison," 
Proc. Natl Acad. Set. U.SA., 85:2444-2448 (1988), which 
are hereby incorporated by reference). 

The direction of hrpN £rfI transcription, the size of the 6 
predicted product, and the translation start site were con- 
firmed by recloning the 3.1 kb Pstl fragment from pCPP2 157 



for the 60 4:344-356 (1990), which is incorporated by reference). 



tid DNA was isolated from kanaiiiyciii -resistant colo- 
nies and transformed into E. colt DH5a, with selection tor 
kanamycin resistance. Plasmids containing Tn5-gnsAl were 
analyzed by restriction mapping. Two independent inser- 
tions in an 0.82 kb Clal fragment internal to hrpN £cfc were 
chosen for further study. The precise location and oi ' 
of these insertions was determined by using a 
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hybridizes to Tn5-gusAl DNA upstream of gusA to 
sequence into the disrupted E. chrysanthemi DNA (FIG. 1). 
E. coti DH5ct(pCPP2142) cells carrying the Tn5-gusAf 
insertion at nucleotide 439 of the hrpN £oA open reading 
frame (with gusA and hrpN £<:ft in the same orientation) 5 
produced dark blue colonies indicative of ^-glucuronidase 
activity on LM agar supplemented with 5-bronx>-4-chloro- 
3-indoryi p-D-glucuronide. Whether gusA was expressed 
from an E. chrysanthemi promoter or the vector lac promoter 
was not determined. The hrpN £cA 43S»: :Tn5-gusAl aod 10 
hrpN EaA 546: :Tn5-gusAl mutations were marker-exchanged 
into the genome of E. chrysanthemi CUCPB5006 
(ApelABCE) to produce mutants CUCPB5046 and 
CUCPB5045, respectively. Neither of the hrpN K ^ mutants 
elicited a visible reaction in tobacco leaves (FIG. 5.) is 

EXAMPLE 9 

E. chrysanthemi \apH F ^. h MutaSions can be Complemented 
in trans with hrpN &/t but not with hrpN £ „ 

The presence of a typical rho-independent terminator just 30 
downstream of the hrpN^,, open reading frame suggested 
that mutations in the gene would not have polar effects on 
any other genes and that the hypersensitive response elici- 
talion phenotype should be restored by a hrpN ilA subclone. 
Because pCPP2172 carried 2 kb of E. chrysanthemi DNA in M 
addition to hipN^^, a precise subclone of the gene was 
constructed for this purpose. Oligonucleotides were used to 
PCR-amplify the hrpN £cA open reading frame and to intro- 
duce terminal Ncol and Xhol sites. The introduction of the 
restriction sites resulted in changing the second residue in 
the protein from glutamine to valine and adding a leucine 30 
and a glutamic acid residue to the C-terminus. The resulting 
DNA fragment was ligated into Xbol/Ncol-digested 
pSE280, creating P CPP2174, in which hrp Ech was under 
control of the vector tac promoter. E. chrysanthemi 
CUCPB5045(pCPP2174) and CUCPB5046(pCPP2174) 35 
possessed hypersensitive response eliciior activity (FIG. 5). 
Hypersensitive response elicitor activity could also be 
restored to these mutants by pCPP2142 and pCPP2171, but 
not by pCPP214f. Thus, the production of HrPN E£S is 
essential for elicitation of the hypersensitive response by E. 40 
chrysanthemi CUCPB5006. 

The feasibility of testing the interchange ability of the 
hrpN genes i>f F. chrysanlhemi and E. amylovora was 
supported by the observation that hypersensitive response 
elicitation activity could be restored to hrpN mutants in each 
species (£. chrysanthemi CUCPB5045 and E. amylovora 
£a321T5) by their respective hrpN* subclones (pCPP2142 
and pCPP1084). pCPP2142 was used for this purpose, 
because preliminary immunoblot experiments indicated that 
the level of brpN £cii expression by this plasmid, though 
relatively high, most closely approximated expression of the 50 
native hrpN gene in E. amylovora. However, despite good 
heterologous expression of the hrpN genes, hypersensitive 
response elicitation activity was not restored in either E. 
amylovora Ea321T5(pCPP2142) or E. chrysanthemi 



t appear to be function- 



(pCPPl084). Thus, the genes do n 
ally interchangeable. 

EXAMPLE 10 
E. chrysanthemi hrpN Ech Mutants have a Reduced Ability to 
Incite Lesions in Witloof Chicory. 

The hrpN f:cA 439: :Tn5-gusAl mutation was marker- 
exchanged into the genome ofwild-lype strain AO4150. The 
resulting mutant, CUCPB5049, was analyzed for its viru- 
lence in witloof chicory. Leaves were inoculated at smail 
wounds with 2xl0 4 cells of mutant and wild-type strains, as 
previously described (Bauer, et al., "Erwinia chrysanthemi 
hrp Genes and Their Involvement in Soft Rot Pathogenesis 
and Elicitation of the Hypersensitive Response," Mol. Plant- 
Microbe Interact, 7:573-581 (1994), which is incorporated 
by reference). The level of inoculum corresponded with the 
experimentally determined ED S0 of the wild-type strain for 
the batch of chicory heads used. The approximate surface 
area of macerated lesions was determined 72 hr after inocu- 
lation. The mutations did not abolish the pathogenicity of E. 
chrysanthemi, but significantly reduced the number of suc- 
cessful lesions (Table 2). 

TABLE 2 



Strain per 20 inoculations' (mm 2 : mean x SD) b 

AC4150 16 80 1 55 

(wild type) 

CUCPB5049 8 C 89 ± 42 

(hrpn Ecll 429: :Tl)5-gusAl) 



cicnt P trom tie wiid-type ssrain (P < 0.O5), as detJukS* by 
Wiley and Sons, New York (1980), which is incorporated by icfcieo 



El id 



EXAMPLE 11 
i Rapid Necrosis in Several Plants by E. 



chrysanthemi is Dependent on HrPN £o 

To determine whether E. chrysanthemi could cause a 
IIrpN £eA -dependent necrosis in plants other than tobacco, a 
variety of plants were infiltrated with purified HrpN FciI , or 
inoculated with Pel-deficient E. chrysanthemi strains, The 
strains used were CUCPB5006 and' its hrpN £c ,,546: :Tn5- 
gitsAl derivative CUCPB5045 and CUCPB5O30 
(ApelABCE outD: :TnphoA) and its hrpN^ A5 546: :Tn5- 
gusAl derivative CUCPB5063. The results with Saintpaulia 
ionantha are shown in FIG. 6 and for all plants are sum- 
marized in Table 3. 



ClICre.SrKn (ApelABCF. 
(ApelABCE outD::TnphoA 
outD;:TaphoAi hrpN J . dl S46::TiiS-gi»Al) 
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TABLE 3-cnn tinned 



CUCPB5063 
(ApeiABCE 

CE (ApeiABCE 0UlD::TnphoA 

lS-gusAJ) oulD::TnphoA) hipN Ea ,S46::Tn5-gBsAl) 




They yield several general observations. Plants responded 2 
either to both isolated HrpN £cA and hrpN Ech * bacteria or to 
neither. Hants that responded to either treatment produced a 
nonmacerated, hypersensitive response-like necrosis that 
developed between 12 and 24 hr after infiltration. hrpN Ec?I 
mutants failed to elicit a response elicited in the plants 2 
tested, indicating that residual Pel isozymes or other proteins 
travelling the Out pathway were not involved in producing 
the hypersensitive response-like necrosis. The results argue 
that HipN Ec/ , is the only elicitor of the hypersensitive 
response produced by E. chrysanthemi. 3 

E. chrysanthemi was found to produce a protein with 
many similarities to the harpin of E. amylovora. The two 
proteins share significant amino acid sequence identity, 
similar physical properties, and the ability to elicit the 
hypersensitive response in a variety of plants. Mutations in 3 
the hrpN^ gene indicate that, as with E. amylovora, harpin 
production is required for elicitation of the hypersensitive 
response. Furthermore, both harpins contribute to bacterial 
pathogenicity, albeit So different degrees. HrpN £o is essential 
for E. amylovora to produce symptoms in highly 4 
susceptible, immature pear fruit (Wei, ct al. "Harpin, Elicitor 
of the Hypersensitive Response Produced by the Plant 
Pathogen Erwinia amylovora, " Science 257:85-88 (1992), 
which is incorporated by reference), whereas HrpN Ecii 
merely increases the frequency of successful E. chrysan- 4 
ihemi infections in susceptible witloof chicory leaves. 
Nevertheless, the finding that harpins play some role in the 
pathogenicity of such disparate pathogens suggests that 
these proteins have a conserved and widespread function in 
bacterial plant pathogenesis. We will consider below Ilrp- 5 
N t - Ck with regard to the protein secretion pathways, extra- 
cellular virulence proteins, and wide host range of E. chry- 
santhemi. 

E. chrysanthemi secretes proteins by multiple, indepen- 
dent pathways. Several protease isozymes are secreted by 5 
the Sec -independent (ABC-transporter or Type I) pathway; 
pectic enzymes and cclhilasc arc secreted by the Sec- 
dependent (general secretion or Type II) pathway; and, 
HrpNjr^ is likely to be secreted by the Sec -independent Hrp 
(Type III) pathway (Saimond, G. P. C, el al., "Secretion of 6 
Extracellular Virulence Factors by Plant Pathogenic 
Bacteria," Annu. Rev. Phytopathol. 32:181-200 (1994), 
which is incorporated by reference). The expectation that 
HrpN^ is secreted by the Hrp pathway is supported by 
several lines of indirect evidence: (i) Hrp secretion pathway 6 
mutants have revealed that other members of this class of 
glycine-rich, heat-stable elicitor proteins, the E. amylovora 



HrpN Kw P. syringae pv. syringae HrpZ, and P. sotan- 
aceurum PopAl proteins, are secreted by this pathway (He, 
S. Y., et al., "Pseudomonas syringae pv. syringae Harpin^: 
a Protein that is Secreted via the Hrp Pathway aad Elicits the 
Hypersensitive Response in Plants," (1993); Wei, Z.-M., et 
al., "Hrpl of Erwinia amylovora Functions in Secretion of 
Harpin and is a Member of a New Protein Family", J. 
Bacterial. 175:7958-7967 (1993); Arlat, M., et al. "PopAl, 
a Protein Which Induces a Hypersensitive-like Response on 
Specific Petunia Genotypes, is Secreted via the Hrp Pathway 
of Pscudomonas solanacarum," UMBO J. 13:543-553 
(1994), which are hereby incorporated by reference); (ii) 
mutation of the E. chrysanthemi homolog of an E. amylo- 
vora gene involved in HrpN £o secretion abolishes the ability 
of E. chrysanthemi to elicit the hypersensitive response, 
whereas mutation of the Out (Type II) pathway of E. 
chrysanthemi does not abolish the hypersensitive response; 
and (iii) HrpN £( , A appears to be the only hypersensitive 
response elicitor produced by E. chrysanthemi (as discussed 
further below), suggesting that the effect of the putative hrp 
secretion gene mutation is on HrpN^. 

Attempts to demonstrate directly hrp-dependent secretion 
of HrpN £cA have been thwarted by apparent instability of the 
protein in E. chrysanthemi. Using the cell fractionation and 
immunoblotting procedures of He, S. Y, et al,, "Pseudomo- 
nas syringae pv. syringae Harpin^: a Protein that is 
Secreted via the Hrp Pathway and Elicits the Hypersensitive 
Response in Plants," Ce.il 73:1255-66 (1993), which is 
hereby incorporated by reference, and polyclonal anti- 
HrpN^,, antibodies that cross-react with HrpN^ (Wei, 
Z.-M, et al., "Harpin, Elicitor of the Hypersensitive 
Response Produced by the Plant Pathogen Erwinia 
amylovora, " Science 257:85-88 (1992), which is incorpo- 
rated by reference), we have observed the presence of 
HrpN £l/( in the cell-bound fraction of E. chrysanthemi. 
However, some culture preparations unexpectedly lack the 
protein, and no preparations reveal accumulation of the 
protein in the culture supernatant fraction. It is possible that 
Hr P N £c* aggregates upon secretion and, therefore, precipi- 
tates from the medium. It is interesting that several of the 
Yersinia spp. Yop virulence proteins aggregate in the 
medium upon secretion via the Type III pathway (Michiels, 
T., et al., "Secretion of Yop Proteins by Yersiniae," Infect. 
Immun. 58:2840-2849 (1990), which is incorporated by 
reference). Similarly, HrpN £o has a propensity to form 
aggregates or to associate with an insoluble membrane 
fraction (Wei, Z.-M, et al, "Harpin, Elicitor of the Hyper- 
sensitive Response Produced by the Plant Pathogen Erwinia 
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amylovora, " Science 257:85-88 (1992), which is incorpo- 
rated by reference). 

It is significant that there is little difference in the plant 
interaction phenotypes of E. chrysantltemi mutants deficient 
in either HrpN^ or a putative component of the Hrp 
secretion pathway (Rauer, D. W, el a!., "Erwiniu chrysan- 
themi hrp Genes and Their Involvement in Soft Rot Patho- 
genesis and Elicitation of the Hypersensitive Response," 
MoL Plant-Microbe Interact, 7:573-581 (1994), which is 
incorporated by reference). Both mutations abolish the abil- 
ity of Pel-deficient strains to elicit the hypersensitive 
response, and they both reduce the frequency of successful 
infections incited by fully pectolytic strains in witloof 
chicory leaves without affecting the size of the macerated 
lesions that do develop. This pattern contrasts with that 
observed with mutations affecting Pel isozymes and the Out 
pathway. Maceration virulence is merely reduced by indi- 
vidual pel mutations, whereas it is abolished by out muta- 
tions. This is because multiple Pel isozymes (and possibly 
other enzymes) contribute quantitatively to virulence, but all 
of the Pel isozymes appear to be dependent on the Out 
pathway Tor secretion from the bacterial cell. The simplest 
interpretation of the observations with E. chrysanthemi hrp 
mutants is that HrpN^ is the only protein travelling the Hrp 
pathway that has a detectable effect on the interaction of E. 
chrysanthemi EC16 with the plants tested. 

The primacy of HrpN £cA in the E. chrysanthemi Hrp 
system is further supported by the observations that hrpN^ 
mutants failed to elicit necrosis ki any of the several plants 
tested and that all plants responding with apparent hyper- 
sensitivity to HrpN £t .^* strains also responded to isolated 
HrpN £cA . Several of the plants sensitive to HrpN^ are also 
susceptible to bacterial soft rots. This is particularly signifi- 
cant for Saintpaulia, whose interactions with E. chrysan- 
themi have been extensively studied (Barras, R, et al., 
"Extracellular Enzymes and Pathogenesis of Soft-rot 
Erwinia," Annu. Rev. Phytopathol. 32:201-234 (1994), 
which is hereby incorporated by reference). Thus, HrpN Ce , ( 
elicits hypersensitive response-like responses in plants that 
ate susceptible to E. chrysanthemi infections under appro- 
priate environmental conditions. The significance of this for 
the wide host range of the bacterium requires further 
investigation, and virulence tests with hrpN £iA mutants and 
additional susceptible plants are needed to determine the 
general importance of HrpN £cA and the Hrp system in E. 
chrysanthemi. For example, the present data do not address 
the possibility that other proteins secreted by the Hrp 
pathway, which are not elicitors of the hypersensitive 
response in the plants tested, may contribute to pathogenesis 
in hosts other than witloof chicory. 

An important question is whether bacteria expressing 
heterologous harpins will be altered in pathogenicity. The 
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hrpN genes of E. chrysiiwhemi and E. amylovora are 
particularly attractive for experiments addressing this 
because of the similarity of the hatpins and the dissimilarity 
of the diseases produced by these bacteria. Unfortunately, 

5 attempts to restore the hypersensitive response phenotype to 
E. chrysanthemi and E. amylovora hrpN mutants with 
heterologous hrpN*subclones failed. Since the hrpN genes 
in each subclone successfully complemented hrpN muta- 
tions in homologous bacteria and were expressed in heter- 
ologous bacteria, the problem is most likely the secretion of 
the harpins by heterologous Hrp systems. A similar problem 
has been encountered with heterologous secretion of Pel and 
cellulase via the Out pathway in E. chrysanthemi and E. 

15 carolovora, species that are more closely related lo each 
other in this rather heterogenous genus than are E. chrysan- 
themi and E. amylovora (He, S. Y, et al., "Cloned Erwinia 
chrysanthemi out Genes Enable Escherichia coli to Selec- 
tively Secrete a Diverse Family of Heterologous Proteins to 

20 its Milieu," Proc. Natl. Acad. Sci. U.SA. 88:1079-1083 
(1991); Py, B., et al., "Secretion of Celinlases in Erwinia 
chrysanthemi and E, caratovora is Species-specific" FEMS 
Microbiol Lett. 79:315-322 (1991), which are hereby incor- 
porated by reference). 

25 la conclusion, two classes of proteins contribute to the 
pathogenicity of E. chrysanthemi — a single harpin and a 
battery of plant cell wall-degrading pectic enzymes. ITie 
observation that such a highly rwctolytic organism also 
produces a harpin suggests the fundamental importance of 

30 harpins in the pathogenicity of gram-negative bacteria. The 
observation that a hrpN £< , ft : :Tn5-gusAl mutation reduced 
the ability of a fully pectolytic strain of E. chrysanthemi lo 
initiate lesions in susceptible chicory leaves, but did not 
reduce the size of lesions that did develop, suggests that 

35 HrpN^^ contributes specifically to an early stage of patho- 
genesis. An attractive possibility is that HrPN ic/l releases 
nutrients to the apoplast for bacterial nutrition before the pel 
genes are fully expressed (Colimer, A., et al., "Erwinia 
chrysanthemi and pseudomonas syringae: Plant Pathogens 

40 Trafficking in Virulence Proteins," pages 43-78 in: Current 
Topics in Microbiology and Immunoloqy, Vol. 192: Bacte- 
rial Pathogenesis of Plants and Animals — Molecular and 
Cellular Mechanisms (1994), which is incorporated by 
reference). Patterns of pel and hrpN^, expression in plants 

45 will likely yield further clues to the role of the E. chrysan- 
themi harpin in soft rot pathogenesis. 

Although the invention has been described in detail for 
the purpose of illustration, it is understood that such detail 
is solely for thai purpose, and variations can be made therein 

so by those skilled in the art without departing from the spirit 
and scope of the invention which is defined by the following 
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{ i ) SEQUENCE CHARACTERISTICS: 
( C ) STRANDEDNES5: hukIc 




) SEQUENCE CHARACTERISTICS: 
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What is claimed: 

1. An isolated DNA molecule encoding a protein or 
polypeptide corresponding to a protein or polypeptide in 
Erwinui chrysanthmni which elicits a hypersensitive 1 
response in plants, wherein said isolated DMA molecule has 
the nucleotide sequence of SEQ. ID. No. 6, 

2. An isolated DNA molecule according to claim 1, 
wherein the protein or polypeptide has an amino acid 
sequence corresponding to SEQ. ID. No. 2. 2 

3. An isolated DNA molecule according to claim 1, 
wherein the protein or polypeptide has a molecular weight of 
32 to 36 kDa. 

4. An isolated DNA molecule according so claim 1, 
wherein the protein or polypeptide is heat stable, has a 2 
glycine content of greater than 16%, and contains no cys- 

5. An expression system comprising the isolated DNA 
molecule according lo claim 1 in a vector heterologous lo the 
DNA molecule. 

6. An expression system according to claim 5, wherein the 
DNA molecule is inserted into the vector in proper sense 
orientation and correct reading frame. 

7. A host cell transformed with a heterologous DNA 
molecule according to claim 1, 3 

8. A host cell according to claim 7, wherein the DNA 
molecule is inserted into a heterologous expression system. 

9 A transgenic plant containing the DNA molecule 
according to claim 1. 

10. A transgenic plant according to claim 9, wherein the 4 
plant is selected from the group consisting of dicots and 



11. A transgenic plant according to claim 10, wherein the 
plant is selected from the group consisting of rice, wheat, 
barley, rye, corn, potato, sweet potato, bean, pea, chicory, 
lettuce, endive, cabbage, cauliflower, broccoli, turnip, 
radish, spinach, asparagus, onion, garlic, eggplant, pepper, 
celery, carrot, squash, pumpkin, aicchini, cucumber, apple, 



pear, quince, melon, plum, cherry, peach, nectarine, apricot, 
strawberry, grape, raspberry, blackberry, pineapple, 
avocado, papaya, mango, banana, soybean, tobacco, tomato, 
sorghum, and sugarcane. 

12. A transgenic plant according to claim 10, wherein the 
plant is selected from the group consisting of Arabidopsis 
thaliana, saintpaulia., petunia, pelargonium, and zinnia. 

13. A method of imparting pathogen resistance to plants 
comprising: 

transforming a plant with the DNA molecule of claim 1 
with a pathogen inducible promoter in a plant trans- 
formation vector. 

14. A method according to claim 13, wherein the protein 
or polypeptide has an amino acid sequence corresponding to 
SEQ, ID. No. 2, 

15. A method according to claim 13, wherein the plant is 
selected from the group consisting of dicois and monocots. 

16. A method according to claim 15, wherein the plant is 
selected from the group consisting of rice, wheat, barley, rye, 
corn, potato, sweet potato, bean, pea, chicory, lettuce, 
endive, cabbage, cauliflower, broccoli, turnip, radish, 
spinach, asparagus, onion, garlic, eggplant, pepper, celery, 
carrot, squash, pumpkin, zucchini, cucumber, apple, pear, 
quince, melon, plum, cherry, peach, nectarine, apricot, 
strawberry, grape, raspberry, blackberry, pineapple, 
avocado, papaya, mango, banana, soybean, tobacco, tomato, 
sorghum, and sugarcane. 

17. A method according to claim 15, wherein the plant is 
selected from the group consisting of Arabidopsis thaUana, 
saintpaulia, petunia, pelargonium, and zinnia. 

18. A method according to claim 13, wherein said trans- 
forming is Agrobacterium mediated. 

19. A method according to claim 13, wherein said trans- 
forming is effected by particle bombardment. 
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This is a division of application Ser. No. 08/200,724 filed 
on Feb, 23, 1994, now U.S Pat. No. 5,849,868, which is a s 
continuation of application Ser. No. 07/9(17,935, filed Jul. 1, 
1992, now abandoned. 

Partial support for the research which led to the making 
of the present invention was provided by funds from the 
United States Department of Agriculture. Accordingly, the 10 
United States government has certain statutory rights to this 
invention under 35 USC 200 el seq. 

Plants, as well as humans arid animals, suffer injury and 
losses due to infection by bacteria. On a worldwide basis, 
bacteria classified in the genera Erwinia, Pseiidotnorsas and is 
Xanthomonas are responsible for most losses due to bacte- 
rial plant pathogens. Many of the bacteria] diseases of plants 
cause farmers great losses on a sporadic basts. The losses 
result from death, disfigurement or reduced productivity of 
affected plants. 20 

Many bacterial pathogens of plants exhibit a marked 
degree of specificity towards the plants that they infect. For 
example, Erwinia amytovora infects apples, pears and 
related plants of the family Rosaceae. Other plants do not 
become diseased when exposed to E. amylovora. However, 25 
when sufficient cells of E. amylovora are introduced into leaf 
(issue of the other plants, the mesophyll tissue collapses 
within hours. This collapse has been called the hypersensi- 
tive response (HR), and it is considered a defense reaction 
of plants since, during the HR, the bacteria are delimited 30 
within the collapsed tissue, eventually die, and thus do not 
cause much damage to the plant as a whole. 

The genes that bacterial plant pathogens require for 
HR-eliciting ability, are called hrp genes, for hypersensitive 
reaction and pathogenicity, are also required for causing 3S 
disease. However, the products of hrp genes and how they 
function in elicitation of the HR, and in disease 
development, remained unknown prior Lo the present inven- 
tion. The present invention concerns products of hrp genes 
(elicitors) that are responsible for the collapse seen in the HR 40 
and arc required for disease development. 

Interactions between bacterial pathogens and their plant 
hosts generally fall into two categories: (1) compatible 
(pathogen-hosl), leading to intercellular bacterial growth, 
symptom development and disease development in the host 45 
plant; and (2) incompatible (pathogen-nonhost), resulting in 
the hypersensitive response, a particular type of incompat- 
ible interaction occurring, without progressive disease 
symptoms. During compatible interactions on host plants, 
bacterial populations increase dramatically and progressive 50 
symptoms occur; during incompatible interactions bacterial 
populations do not increase, and progressive symptoms do 

The hypersensitive response of higher plants is charac- 
terized by the rapid, localized collapse and death of tissues 55 
containing an incompatible pathogen (a microorganism that 
is pathogenic only on other plants) and is associated with the 
defense of plants against many bacteria, fungi, nematodes, 
and viruses [see Phytopathogenic Prokaryotes, (M. S. Mount 
and G. H. Lacy eds.) Academic Press, New York, pp 60 
149-177 (1982)]. Elicitation of the hypersensitive response 
by bacteria was first demonstrated in 1963 when the inter- 
cellular spaces of tobacco leaves were infiltrated with 10 7 
cells/ml of an incompatible pathogen. The infiltrated areas 
collapsed within 24-48 hours and ceased to support bacterial 65 
multiplication [see Nature 199:299 (1963)]. Thus, in the IIR, 
the pathogen is localized and further growth is restricted. 



The technique used in the laboratory to demonstrate the 
HR is straight-forward. The intercellular spaces of tobacco 
leaves are infiltrated by first puncturing a sector on a leaf 
with a common straight dissecting needle, 'llien a 1-ml 
capacity syringe (without a needle), containing 0.1-0.5 ml 
of a bacterial cell suspension (usually io 7_:los viable cells/ 
ml) of bacteria is pressed against one side of the leaf directly 
over the puncture. While pressing a finger on the opposite 
side of the leaf to stabilize it and to prevent liquid from 
leaking out of the punctured area, the syringe plunger is 
pressed gently to introduce the bacterial suspension into the 
leaf. Infiltration is considered successful when a water- 
soaked area approximately 1-4 cm 3 appears in the leaf. 

A common hypothesis proposed to explain the mecha- 
nism of hypersensitive reaction induction involves the pro- 
duction by bacteria of a specific elicitor that reacts with a 
specific receptor on the plant cell. However, the molecular 
basis (gene and gene product) for this response to potential 
pathogens had been unknown prior to the present invention 
in spite of continued research by plant pathologists since the 
HR first was described in 1963. 

Physiological and genetic observations suggest that the 
same bacterial factor thai elicits the hypersensitive response 
in nonhosts is also required for pathogenicity in hosts. 

Production of the elicitor of the hypersensitive response 
is controlled by a cluster of several hrp genes, which arc 
highly conserved, and often interchangeable, among many 
species of plant pathogenic bacteria. Although individual 
and several hrp genes have been cloned by others, functional 
clusters of hrp genes have been cloned only from Erwiria 
amylovora and Pseiidomonas syringae. 'Ibese clusters have 
been shown to confer on nonpathogenic bacteria the ability 
to elicit the hypersensitive response in tobacco and other 
leaves [see Mol. Plant-Microbe Interact. 4:132 (1991); J. 
Bacteriol 170:4748 (1988); and Deer et al., Advances in 
Molecular Genetics of Plant-Microbe Interactioas (H. Hen- 
necke and D. P. S. Verma eds.) Kluwer Academic Publishers, 
Boston, pp 53-60 (1991)]. 

The elicitor, according Lo the present invention, was 
initially isolated and purified from E. coli DH5a(pCPP430), 
and laler from a wild-type strain of E. amylovora, the 
bacterium that causes a disease of rosaceous plants, such as 
apple and pear, known as fire blight. According to the 
present invention, the name "hairpin" is proposed for the 
hypersensitive response elicitor from E. amylovora; this 
elicitor is considered to be the archetype for a family of 
proteinaceous HR elicitors that are produced by many 
different phytopathogenic bacteria. 

It is thus one aspect of this present invention to describe 
specific elicitor proteins isolated from bacteria, which when 
applied to nonhost plants, cause a toxic response that is 
similar to the response elicited by living cells of the bacteria 
that produced the proteins. A further aspect of this present 
invention is to isolate and describe the genes that encode the 
elicitor proteins, which might be used to cause plants or 
other organisms to produce elicitor protein, which would 
exert its toxic effects in a precise controlled manner. 

A further aspect of this present invention is to provide 
sufficient characterization, and identification of these pro- 
teins lo allow design and development of techniques that 
will inactivate, destroy, or bind with these proteins. This 
aspect is desirable because it is known the same proteins are 
required by the bacteria that produce them in order to cause 
disease in host plants of the bacteria. Neutralizing the toxic 
effects of the proteins neutralizes their roles in disease and 
reduces disease in plants. 

A still further aspect of the present invention is to 
develop antibodies against these proteins, sequence the 
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antibodies produced, construct nucleic acid sequences which 
when inserted properly into the genome of a plant would 
cause the plant to express the antibody and thus prevent 
bacteria from causing disease in plants. 

One portion of the present invention is based on the 5 
identification of a particular hrp gene of the hrp gene cluster 
of Erwinia amylovora. That particular gene is transcribed 
and translated to yield the proieinaceous elicitor of the of the 
hypersensitive response. Another portion of the present 
invention deals with the identification of homologous genes 10 
from Erwinia, Xanthomonas, and Pseudomonas species that 
encode similar proteins to the HR elicitor from E. amylo- 
vora. Prior to the making of the present invention, the 
isolation of a proteinaceous elicitor of the hypersensitive 
response had not been reported. Thus, another portion of she is 
present invention is a description of techniques for isolation 
and purification of a proteinaceous elicitor of the hypersen- 
sitive response. An additional portion of this invention 
concerns the genetic manipulation of the genes encoding the 
HR-elicitor proteins to enhance production of harpin. 20 

Therefore, it may be summarized that the various por- 
tions and aspects of the present invention relate to providing 
prophylaxis against Erwinia amylovora, the causative agent 
of fire blight of apple, pear, and other rosaceous plants. In 
addition, the present invention broadly relates to providing as 
prophylaxis to bacteria of the genera Erwinia, Pseudomonas 
and Xanthomonas which cause other diseases of a variety of 
plants. 

In order to provide a clear understanding of the present 
invention, the following terms relating to the bacterial 30 
straias, cosmids and plasmids referred to in the description 
of the present invention are provided. 



lofpi 



ely used for subcloning an 
item from cloned DNA. 



In addition, these and other terms used throughout this 
description may be found in Molecular Plant-Microbe Inter- 
actions 4(5):493 (1991) and Advances in Molecular Genet- 
ics of Plant-Microbes Interaction 1:53 (1991). 

Both£, coli DH5ct(pCPP1084) and£. amylovora Ea321 
have been deposited with the American Type Culture Col- 
lection in Manassas, Va. 'Iheir deposit number are AJ'CC 
69021 and ATCC 49947, respectively. The deposit of ATCC 
69021 has been made under the Budapest Treaty, and 
cultures will be made available in accordance with the 
provisions of this treaty. 

The various aspects regarding the identification, 
isolation, purification and characterization of the HR elicitor 
and gene according to the present invention can be more 
clearly understood from the following figures and examples, 
all of which are provided for purposes of clarifying the 
present invention and not for limiting the scope thereof. 

BRIEF DESCRIPTION OF DRAWINGS 
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FIG. 1 is a restriction endonuclease map of the hrp cluster 
of Erwinia amylovora; and 
FIG. 2 depicts the changes io pH of a bathing solution of 
3 tobacco cell-suspension cultures. 

More particularly, FIG. 1 represents the restriction endo- 
nuclease map of the hrp cluster of Erwinia amylovora in 
which "E" designates EcoRI, "H" designates Hindlul, and 
"B" designates BamHI restriction sites. The vertical lines 
indicate the location of transposon insertions that have been 
tested for their effects on the ability to elicit the HR and to 
be pathogenic on pear, Metabolically active cells of Erwinia 
amylovora Ea321 [see Molecular Plant-Microbe Interac- 
tions 1(3): 135 (1988)] and E, coli DH5a(pCPP430) I with 
all indicated insertions fail to elicit the hypersensitive reac- 
tion in tobacco. The region encompassed by all indicated 
insertions is essential also for the elicitation of a SC7H* 
exchange reaction of tobacco cell suspension cultures. 
Derivatives of Ea321 containing all the indicated insertions 
are not pathogenic to pear. 

More particularly in respect to FIG. 2, the control values 
(no additive) were subtracted prior to graphing. Open 
squares depict harpin (60 nM); open circles depict cells of E. 
3 coli DH5a(pCPP430) (5x10^ cells/ml); filled squares depict 
ceils of E. amylovora Ea321 (5xl0 7 cells/ml; triangles 
depict cells of E. coli DH5u(pOPP430K49) (5x1 0 7 cells/ 
ml); diamonds depict cells of E. amylovora Ea32lK49 
(5xl0 7 cells/ml); and filled circles depict cells of E, coli 
5 DH5a(pCPP9) (5xl0 7 cells/ml). Tobacco cell-suspension 
cultures were shaken at room temperature with the indicated 
preparations. The pi I was measured at the intervals indi- 
cated. All preparations that elicited HR in tobacco leaves 
also caused a pH increase in the tobacco cell-suspension 
3 culture medium. 

EXAMPLE I 

Plasmid pCPP430 was identified from a library of 
genomic DNA of the wild-type strain of E. amylovora, 
S known in our laboratory as Ea321, and has been deposited 
in the American Type Culture Collection as 49947. The 
strain was received in 1978 from the French National 
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Collection of Phytopathogenic bacteria, in which it is known 
as CNKB 1367. Genomic DNA was isolated and digested 
with Sail 3 A, ligated into the cosmicl vector of pCPP9 
previously digested with BamHl, packaged and transfected 
into E. coli strain ED87G7 according to procedures previ- 
ously described [see Mol. Want-Microbe Int. 1:135 (1988)]. 
The resulting cosrnids were mobilized into strains by con- 
jugation with the aid of the helper plasmid pRK2013 [Bauer, 
D. W,, Molecular genetics of pathogenicity of Erwinia 
amylovora: techniques, tools and their application. Ph.D. 
thesis. Cornell University, Ithaca, N.Y. (1989)]. 

The resulting library was diluted and spread on plates of 
nutrient agar containing both spectinomycin and kanamycin 
50 figm/ml final concentration. Plates containing about 500 
colonies, after incubation at 37° for 24 hr, were selected 
when the diameter of each colony was 0.5-1.0 mm. The 
colonies from these plates were replica -stamped onto plates 
containing Luria-Bertani agar (LA) on which 0.1 ml of a 
suspension of strain Ea321T143 previously had been spread. 
Ea321T143 is a TnlO-kdnced Hrp~ mutant'strain of Ea321; 
it is not pathogenic to pear fruit and does not elicit the HR 
in tobacco and other plants. It had been grown to O.D. 520 =* 
1.3 in Luria broth plus tetracycline (10 figm/m]). The LA 
plates were incubated for 5 hr at 28° C. and the growth on 
these plates were replica-plaled on to a minimal medium for 
the growth of Erwinia amylovora, which contained glucose 
2 g/1, asparagine 1,5 g/1. sodium citrate 0.25 g/1, MgS0 4 5 
mg/1, nicotinic acid 0.25 g/1, (NH, t ) 2 SO^ 1 g/L KjHPO, 3.51 
g/1, KH 2 P0 4 1.51 g/1, and 50 mg/1 spectinornycin and 10 
mg/1 tetracycline. This procedure selected transconjtigacts 
of Ea321T143 which contained various cosrnids of the 
Ea321 library. After 48 hr of incubation at 28° C, freshly cut 
slices of immature pear fruit were pressed onto the surface 
of each plate of transconjugants such that all colonies 
beneath the pear-slice came in contact with pear tissue. The 
pear slices were inverted, incubated in plastic boxes lined 
with well-moistened paper towels and observed daily for up 
to 5 days for the presence of droplets of ooze. The immature 
pear fruit had been harvested approximately 6 weeks fol- 
lowing bloom, from trees of Pyrus communes cv. Barllett. 
'Jtse fruits were 2-4 cm in diameter, and they were stored at 
0-2° C. until used. Owe as used in this description of the 
present invention, is a mixture of plant and bacterial prod- 
ucts that consists largely of living bacterial cells. 

The ooze was dilution-streaked on plates of E. 
flmiyfovora-minimal medium with 50 /ig/ml spectinomycin 
and 10/jgm/'ml tetracycline, incubated for 2 days at 28° C. 
and individual colonies were picked with sterile toothpicks, 
propagated on a fresh plate of Ea minimal agar+50 /ig/ml 
spectinomycin and 10 /igm/ml tetracycline and retested for 
pathogenicity. Freshly cut pear fruit tissue was stabbed with 
toothpicks contaminated with the strains to be tested. 
Cosrnids from those colonies which caused disease on pear 
fruit were remobili/ed into DH5<i from Ea321T143 by 
combining 0.5 aliquots of overnight LB+antibiotic cultures 
of DH5a, the Ea321T143 path* transconjugant (the strain of 
Ea321T143 containing the cosmid which bestowed on 
Ea321T143 the ability to cause disease), and pRK2013, the 
helper plasmid. The combination was mixed thoroughly, 
centrifuged, and the pellet suspended in 150 ul of L broth, 
without antibiotics. The pellet was thoroughly resuspended 
and 0.1 ml drops were placed on LA plates, allowed to soak 
into the agar without spreading, and then the plates were 
incubated at 28° C. for 5 hr. After incubation, the spotted 
growth was resuspended in 1 ml of 5 mM potassium 
phosphate buffer, pll 6.5, and 0.1 aliquots were spread onto 
plates of LA+50 /ig/ml spectinomycin and 20 /ig'ml Nala- 
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dixie acid, which were then incubated for 48 hr at 37° C. 
Colonies were simultaneously transferred with toothpicks to 
plates of LA+50 /ig/ml spectinomycin and LA+Km. Those 
colonies that grew_only„on the 50 /tg/ml spectinomycin 
s plates, indicating loss of the helper plasmid pRK2013 (Km') 
were chosen for preservation by freezing and for further 

To determine iT the same cosmid that restored pathoge- 
nicity to pear, hereinafter referred to as pCPP430, also 
io affected the reaction of Ea321T143 on tobacco, suspensions 
were infiltrated into tobacco leaf sectors. The effect of 
pCPP430, maintained in E. coli DH5a was tested in 
tobacco. The strain was grown to OD^ 0.4-0.6 
(approximately 10 s cfu/rnl) in Luria broth+50 /ig/ml spec- 
is tinornycin. The culture was centrifuged (12,000xg for 1 
minute), resuspended in 5 mM phosphate buffer pH 6.5, to 
the original volume and infiltrated into tobacco leaves. 
Collapse of the tissue occurred within 8 hrs. No collapse was 
observed when cells of DH5ct(alone) or DH5a(pCPP9) 
20 were infiltrated into tobacco leaves. Thus, we concluded that 
pCPP430, containing particular DNA of Ea321 enabled E. 
coli DH5ct to cause the HR reaction and that pCPP430 
contained ail the genes necessary for this reaction. 

The hrp gene from E. armylovora contained in the cosmid 
25 pCPP430, is particularly well expressed in Escherichia coli 
[see Advances in Molecular Genetics of Plant-Microbe 
Interactions, supra; Phytopathology 79:1166 (1989); and 
Mol. Plant-Microbe Interactions 4(5):493 (1991)]. Usually 
de novo RNA and protein synthesis was required for Ea321 
30 to elicit the HR. However E. cw(pCPP430) and Ea321 
(pCPP430) are able to elicit the HR in the presence of 
bacterial transcriptional or transtational inhibitors such as 
rifampicin and tetracycline. This indicated that the HR 
elicitor was present in/on cells of E. coli DH5a(pCPP430) 
35 before tobacco leaves were infiltrated with the bacteria. 
The search for the HR elicitor began by infiltrating 
tobacco leaves with the cell-free culture supernatants of £. 
amylovora Ea321, Ea321(pCPP430) or E. coli DH5a 
(pCPP430). The supernatants were produced by growing 
* each strain in LB broth with the appropriate antibiotic to late 
tog phase (O.D. S ; 0 =ca. 1.0). As we expected, based upon the 
experience of other workers [sec Phytopathology 57:322 
(1967)], no hypersensitive response occurred. 

Strain Ea321 (pCPP430) was created by the following 
4S procedure: 

EXAMPLE II 

Strains Ea321, E. coli DH5a(pCPP430) and E. coli DH5a 
(pRK2013) were grown overnight in LB broth containing 
respectively, no antibiotic, 50 /ig/ml spectinomycin, or 
Km 50 . The next morning 0.5 ml aliquots of each strain were 
combined in a microcentrifuge tube, centrifuged for 2 min 
and resuspended in 0.15 ml of Luria broth (no antibiotics). 
A0.1 ml aliquot oT this suspension was spotted on Luria agar 
(no antibiotics) and incubated for 5 hr at 28° C. The growth 
from this spot was resuspended in 1 ml of 5 mM potassium 
phosphate buffer, pH 6.5, and 0.1 ml aliquots were spread on 
plates of E. amylovora minimal medium containing 50 
/<g/ml spectinomycin to select for strains of Ea321 harboring 
pCPP430. Plates were incubated for 2-3 days at 28" C, 
Individual colonies were toothpicked simultaneously to 
minimal medium containing 50 ug/ml spectinomycin and to 
minimal medium containing Km 50 . Only those colonies that, 
grew on the medium with 50 /ig/ml spectinomycin 
(indicating selection of pCPP430) but not on the medium 
with Km 50 (indicating loss of the helper plasmid pRK2013) 
were selected for further study. 
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Although cell-free culture supernatants of all bacteria 
used failed to elicit the hypersensitive response, preparations 
of certain cells in a new manner resulted in cell-free prepa- 
rations that elicited a strong hypersensitive response within 
12 hours that was indistinguishable from that elicited by 5 
whole metabolizing bacteria! cells from which the prepara- 
tions were made. The elicitor of the hypersensitive response 
was isolated, purified and characterized from this cell-free 
elicitor preparation (CFEP) according to Example III. 

The isolation of CFEP containing hatpin from E. coli 10 
DH5a(pcPP430) according to the present invention is 
described in the following example: 

EXAMPLE ill 

Cells of E. coli DH5ct(pCPP430) were grown in Luna- is 
Benani (LB) medium to OD 620 =0.8, collected by centrifti- 
gation and resuspended in one tenth the original volume of 
5 mM potassium phosphate buffer, pi I 6.5, with 0.1 mM 
phenylmethvlsulfonyl fluoride (PMSF), a serine protease 
inhibitor. The cells were then disrupted by sonication using 20 
a Sonicator Ultrasonic Ceii Disrupior™ (Heat System- 
Ultrasonics) at a power output of 4, and the pulsar cycle 
timer set to 40% duty cycle (under these conditions, 10 ml 
of bacterial suspension were sonicated for 10 min on ice). 
After the debris from sonication were removed by centri- 25 
fugirig at 12,000xg for 1 hour, the supernatant liquid was 
filtered through a 0.2 fun pore-size membrane filter to 
remove any remaining intact cells. The resulting 
preparation, at dilutions up to about 1:10, was able to elicit 
the hypersensitive response in tobacco leaves. 'Ihe CFEP 30 
contained the intracellular material from a culture of OD S20 = 
0.4, the same density of living cells of E. coli required for 
elicitation of the hypersensitive response. 

The purification of harpin according to the present 
example is described in the following example: 35 
EXAMPLE IV 

Initial experiments using the preparation obtained from 
Example III indicated that the HR-eliciting activity was heat 
stable and proteinaceous in nature. The preparation retained 40 
HK -eliciting activity as determined by infiltration of tobacco 
leaves as described previously fallowing incubation over- 
night at 65° C. However, unless PMSF, the serine protease 
inhibitor, had been added during preparation, all 
HR-eiiciting activity was lost after 3 hours at 37° C. or 6-8 45 
hours at 4° C. Incubation of the preparation with Pronase E 
(Sigma) at 100 /ig/ml, for 1 hour at 37° C. destroyed any 
elicitor activity. 

The advantage of the heat stability of the elicitor prepa- 
ration was used to aid in further purification of the elicitor. 50 
Only a limited number of proteins remained after holding 
the elicitor preparation of Example III in a boiling water bath 
for 10 minutes and subsequent removal of the insoluble 
material by cenlrifugation. One band, corresponding to 44 
kD, was prominent following electrophoresis of the heated 55 
Example III preparation on SDS-poIyacrylamide (10% 
SDS-PAGE gels were prepared and used according to 
instructions of the supplier, Hoeffer Scientific Instruments; 
protein in the gels was stained with 0.025% Coomassie Blue 
R-250 for 30 min and destained with 50% methanol and 60 
10% acetic acid solution) gels. A band of this mobility was 
uniquely present in all preparations with HR-eliciting activ- 
ity. Following resolution of the Example III preparation on 
an isoeleciric-focusing granulated gel bed or by ton- 
exchange chromatography the fractions with HR-eiiciting 65 
activity always contained a protein that corresponded to 44 
kD in molecular size with a pi of 4.0 to 4.5. 



8 

To accomplish further purification of harpin, several sepa- 
ration techniques were applied to CFEPs prepared as dis- 
cussed in Example HI. Before each step CFEP was heated in 
a boiling water bath for 10 minutes, cooled to 25-30° C. and 
centrifuged for 10 min at 12,000xg. The supernatant liquid 
was retained and filtered through a 0.2 /xm pore size filtration 
membrane (Millipore, MF). 

The heat-treated CFEP was bound to an anion exchange 
resin (Whatman DE-52) and eluted stepwise with increasing 
amounts of KC1 in 5 mM potassium phosphate buffer, pll 
6,5. Harptn was eluted from the column by buffer containing 
90 mM KG. The presence of harpin was determined by 
infiltration of tobacco leaf sectors with elements from the 
column that had been concentrated to 50% of the initial 
volume. In addition, fractions were electrophoresed in SDS- 
PAGE gels according to standard procedures. Final purifi- 
cation was accomplished by High Pressure Liquid Chroma- 
tography (HPLC). Preparations purified by ion-exchange 
chromatography were adjusted to pH 2 by the addition of 
acetic acid and, following cenlrifugation to remove any 
precipitates, were applied to a reverse -phase HPLC pre- 
packed column (YMC AQ-303). The column was eluted 
with a gradient of 10-70% acetonilrile at pH 2 in 0.25% w/v 
trifluoroacetic acid. Detection of protein was by absorption 
of light from 190 nm to 300 nm. Each 0.25 ml fraction was 
tested for ability to elicit the IIR by infiltration of tobacco 
leaf sectors. 

The granulated gel bed used for the resolution of the 
Example TO preparation was prepared with Bso-lyte™ (Bio- 
Rad Laboratories) as recommended by the manufacturer. 
Wide-range ampholytes, pH 3-10 (Sigma) were used at a 
final concentration in the slurry of 2%, Electrode solutions 
were 1M (anode) and 1M NaOH (cathode). 

To determine whether the prominent 44 kD protein 
("harpin") band present in all HR-eliciting samples, had 
elicitor activity, the appropriate unstained region of a pre- 
parative SDS-gel was cut and electrocuted with buffer 
lacking SDS. The eluted protein (200 jug!mi) was dMyzed 
overnight against 2 lifers of 5 mM potassium phosphate 
buffer, pH 6.5, containing 0.1 mM phcnylmcthyl sulfonyl. 
fluoride. At concentrations g500 nM (£25 figj'ml), harpin 
elicited the hypersensitive response in leaves of all plants 
tested, including tobacco, tomato, and Arabidopsis thatiana. 

Subsequent experimentation confirmed that harpin was 
protease sensitive, heat-stable, and acidic. Treatment of 
harpin with protease abolished HR-eliciting ability and 
eliminated ihe 44 kD protein band from SDS polyacryla- 
mide gels. However, when harpin was incubated with pro- 
tease that had been held at 100° C. for 10 min to inactivate 
the enzyme, the preparation retained HR-cliciting activity. 
When active protease was present in the infiltration mixture, 
no hypersensitive response developed. However, infiltration 
of tobacco leaves with active or heat-inactivated protease 
alone did not result in any macroscopic symptoms. Harpin 
retained its HR-eliciting activity following heating in a 
boiling water bath for 10 min. Purified harpin from an SDS 
gel had a pi of 4.3 as determined by resolution ort thin -layer 
isoelectrofocusing gels using conventional techniques. 

The subcellular location of harpin according io the present 
invention is described in the following example: 

EXAMPLE V 
The location of harpin on the organism's cell surface was 
suggested by the following observations: (i) the supernatant 
of E. amylovora Ea321(pCPP430) or E. coli DII5ot 
(pCPP430) did no! elicit the hypersensitive response, indi- 
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eating that hatpin is not secreted into the medium but rather 
is present in or on the bacteria ; (ii) following incubation at 
37° C. for 5 mm of whole ceils of Ea321(pCPP430) and E. 
coli DH5a(pCPP430) with 40 and 80 /ig/ml of protease, 
respectively, and with 40 /ig/ml tetracycline to halt the s 
continued production of harpin, the bacteria failed to elicit 
a hypersensitive response. When 0.5 mM of PMSF, the 
protease inhibitor, was included in the above incubation 
mixture, the bacteria elicited the hypersensitive response; 
PMSF apparently protected harpin from inactivation by 10 
protease. (Infiltration of tobacco ieaves with PMSF or tet- 
racycline alone had ao effect, indicating that neither com- 
pound functions independently in causing HR); (iii) treat- 
ment of bacteria with increasing amounts of protease 
resulted in decreased ability to elicit the hypersensitive 3S 
response which correlates well with the disappearance of 
harpin from SDS gels in which preparations from the 
pro (ease-treated bacteria had been electrophorescd [Table 
1]: (iv) following centrifugation of the Example III prepa- 
ration at 105,000xg for 1 hr, most HR-eliciting activity was ^ 
found in the supernatant liquid, however, when 30 mM 
MgCl 2 , a membrane stabilizer, was added before sonication, 
most activity was associated with the pellet, that is with the 
centrifuged portion containing the membranes; and (v) gel- 
permeation chromatography of unboiled Example III prepa- ^ 
ration indicated association of the elicitor with a very high 
molecular weight (>10 s D) fraction which were probably 
membrane vesicles; and (vi) fractionation of lysed cells of 
Ea321CpCPP430) [see Science 233:1403 (1985)] in the 
ultracentrifuge and reaction with a harpin-specific antibody, x 
resulted only in reaction with the cell membrane faction and 
the whole ceil control. 

The foregoing results indicate that harpin is located at or 
near the bacterial cell-surface, and that it is unstable. Cell 
suspensions of Ea321(pCPP430) or E. coli DH5a 35 
(pCPP430) maintain their HR -eliciting activity for not more 
than 0.5 hr and 1 hr, respectively, in the presence of 
tetracycline (40 ftg/ml), a translation inhibitor. In addition, 
harpin was not detected once the cells lost HR-eliciting 
activity. However, when the protease inhibitor PMSF (0.5 ^ 
mM) was included in the suspension, the bacteria retained 
I IR-eliciting activity for more than two hours, and decreas- 
ing amounts of harpin were detected simultaneously in the 
SDS gels over time. On an equal cell number basis, more 
protease was required to destroy harpin and prevent the 45 
hypersensitive reaction £br£. coli DH5o(pCPP430) lhan for 
Ea321(pCPP430). Thus, the sensitivity of harpin to pro- 
teolysis may explain the previous observations of the short- 
lived nature of the HR-cliciting ability of phytopathogemc 
bacteria [see Science 245:1374 (1989)]. 50 

The following procedure and Table 1 depict the protocol 
for, and results of, protease sensitivity of HR-eliciting activ- 
ity from£. amylovora Ea321 containing its hrp gene cluster. 

Cells or/?, amylovora Ea321 (pCPP430) were grown in 
LB medium and harvested at O.D. 620 -0.6 by centrifiigation, 55 
The cells were then resuspended in 0,1 volume of 5 mM 
potassium phosphate buffer, pH 6.5, containing 40 /tg/m! 
tetracycline. Protease (as indicated in Table 1) was added to 
200 fi\ cell suspension and incubated at 37° C. for 5 minutes 
and 100 /il of each mixture was subsequently infiltrated into 60 
tobacco leaves. Collapse was noted 24 lirs after infiltration. 
20 /il of 5x cracking buffer was mixed with 80 /ii of the 
remaining mixtures, boiled for 5 minutes and then centri- 
fuged for 10 min in a microcentrifuge, prior to loading 15 pA 
in each lane of a 10% SDS-PAGE gel. Electrophoresis was 65 
carried out for 2 hours at 20 mA, followed by staining with 
0.025% Coomassie Blue R-2S0 for 30 min and destaining 



with 50% methanol and 10% acetic acid solution. Cell-free 
supernatant, produced from the LB culture, was filter- 
sterilized and then concentrated to one tenth the original 
volume with the Centriprep-10 (Amicon). Treatment with 
the higher levels of protease resulted in loss of HR-eliciting 
ability and disappearance of the harpin band (44 kD) from 
the SDS gels. The resulting data from this protocol are 
reported in the following table: 

1ABLE 1 



BO /ig + 0.5 mM PMSF 



The ability of bacterial strains to elicit the hypers 
response in intact tobacco leaves is strongly correlated with 
their ability to elicit a K*/H* exchange reaction in tobacco 
cell suspension cultures. The two reactions are related 
genetically, as a major portion of hrp gene cluster of E. 
arnytcft'ora is needed for elicitation of the K+/H+ exchange 
reaction. Thus, the effect of harpin on tobacco cell suspen- 
sion cultures was tested according to the following example. 

The effect of harpin on plants, plant cetls and tissues 
according to the present invention is described in the fol- 
lowing example: 

EXAMPLE VI 

To determine if a particular preparation had HR-eliciting 
activity, we used a technique similar to that used with whole 
bacterial cells [see Moi. Plant-Microbe Interact. 4:494 
(1991]. Tobacco plants (Nicotiana tabacum L. 'Xanthi') 
were grown in artificial soil mix to a height of 90-100 cm. 
Plants were moved from the greenhouse to the laboratory 
<24 hr before infiltration, infiltration of the leaf lamina was 
done with a needle-less syringe through a small hole made 
with a dissecting needle. Collapse of the infiltrated area, 
indicative of the HR, was recorded 24 hrs after infiltration. 

All CFEPs that contained the 44 kD protein, as detected 
by SDS-PAGE, caused collapses of the infiltrated areas of 
the tobacco leaves. Harpin, purified by HPLC (Example IV) 
elicited the HR at concentrations 1500 nM. 

To test the effect of harpin on tobacco cell suspension 
cultures, four-day old tobacco cell suspension cultures 
(Nicotiana tabaccum var. Samsun) were obtained from the 
Biotechnology Program at Cornell University. The cell 
suspension was filtered through a single layer of loose 
weave cheesecloth into a 1 liter beaker to eliminate any large 
clumped masses, Tobacco Assay Medium [MES 0.5 mM, 
mannitol 0.175 M, K 2 S0 4 (2 ml of a 0.25 M stock solution), 
CaCl 2 (2 ml of a 0.25 M stock solution) high-purity water 
996 ml; adjusted to pH 6,0 with IN NaOH and filtered 
through a 0.2 ^m pore-size membrane filter] was used to 
wash as many cells as possible through a single layer of 
cheesecloth. This washed and strained suspension was next 
poured into a large funnel lined with 1 layer of Miraclofh™ 
(non-woven cloth), and the cells that lined the Miracloth™ 
were gently washed with an additional 200-400 ml of 
Tobacco Assay Medium. Fifteen grn of wet cells were 
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weighed and gently resuspended in 415 ml of Tobacco Assay 
Medium. Twenty ml aliquots of this suspension were mea- 
sured in to conical plastic cups (4 cm top diameter; 2.5 cm 
bottom diameter; 4 cm high) and immediately placed on a 
rotary shaker set at 150 rpm with a 2 cm stroke and 
maintained at 25±3° C. 

Cells were allowed to equilibrate until they reached a pH 
of approximately 5,8 (usually 20-30 min). At this point, 1 ml 
of bacterial suspension, or sonicated extract, or 0.5 ml of 
purified protein containing 20 /A of a 20 /ig/mi concentrate 
of PMSF was added to each tobacco cell sample. The pH of 
the sample was read with a Corning pH meter and was 
adjusted back to pH 6 with 0.1 N NaOH (or 0.1 N HC1 as 
needed). The second reading was taken 30 minutes after the 
first reading. All subsequent readings were taken at hourly 
intervals for up to 6 hours after the reading at time 0. All 
treatments were tested in duplicate. 

Bacterial cell suspensions were prepared by growing 
overnight cultures in LB with the appropriate antibiotic and 
then diluting the strains back to an OD 620 of 0.20 the next 
morning. The cultures were regrown to OFJ 0.4. At this OD, 
strains of Ea321 and their derivatives are estimated to have 
a concentration of approximately 2x10 s cfu/ml. Strains of E. 
coli DH5a and their derivatives are estimated to have a 
concentration of approximately 1x10 s cfu/ml. The cells 
were centrifuged at 5000xg and resuspended to give 5 fold 
concentrations (for Ea321 and derivatives) and 10 fold 
concentrations (for E. coli and derivatives) in 1 mM MES 
buffer pH 6. In this manner, cell concentrations of approxi- 
mately 1x10 s cfu/ml were achieved. When 1 ml of cell 
suspension was added to 20 ml tobacco cell suspension, the 
final concentration of cfu/ml for the assay was estimated at 
5xl0 7 per ml. 

Cells of E. amyhvora caused an increase in pH of the 
bathing solution (a measure of the IC7FT exchange reaction) 
with a 2-3 hr delay following addition of bacteria to the 
tobacco cell suspension culture (see FIG. 2). In contrast, a 
one-time addition of harpin at time zero caused a rapid 
increase in the pH of the bathing solution during the first 
hour. The pH decreased slightly during subsequent incuba- 
tion. Mutants of £. amylovora that do not produce harpin in 
vitro failed to elicit the ICVll* exchange reaction. Strains of 
E. coli containing mutations in the cloned hrp gene cluster 
of E. amyhvora also failed to elicit the exchange reaction. 
The elicitaticn of the exchange reaction, as well as the 
hypersensitive reaction, by harpin provides additional evi- 
dence that harpin is active in bacteria-plant interactions. The 
data from these studies on the effect of harpin on tobacco 
cell cultures is presented in FIG, 2. 

The following example provides a comparison of harpin 
obtained from E. coli DH5a(pCPP430) and Ea 321. 

EXAMPLE VII 
To demonstrate that harpin is produced by E. amyhvora 
and not E. coli stimulated by the presence of pCPP430, the 
same techniques used for its isolation from E. coli DH5a 
(pCPP430) were used with£. amyhvora Ea32l, except that 
the cells were preincubated in a HR-inducing medium for 5 
hrs before sonication. In addition, E. coli DH5a(pCPP9), 
which harbors the vector of pCPP430, was subjected to the 
same procedures as E.coli DH5a(pCPP430). A protein iso- 
lated with the same molecular weight as that isolated from 
Ea321, had HR-eliciting ability. Based on the relative inten- 
sity of the 44 kD band on SDS polyacrylamide gels, it was 
estimated that E, amyhvora Ba321 produces, on a per cell 
basis, about one tenth the amount of harpin as does E. coli 
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DH5ct(pCPP430). The properties of the elicitor protein from 
E. amyhvora Ea321 and E. coli DH5a(pCPP430) were 
identical. No protease-senstlive heat stable HR-eltciling 
activity associated with a 44 kD protein was seen in cell -free 

5 extracts taken front E. coti DH5a(pCPP9). 

The properties of the E. amyhvora harpin are consistent 
with several important, physiological observations that were 
made following the discovery that bacteria can elicit the 
hypersensitive response. Infiltration of plant tissues with 

){ j incompatible pathogens and inhibitors of bacterial protein or 
RNA synthesis prevent the hypersensitive response [see 
Phytopathology 72:1513 (1982)] indicating that de novo 
RNA and protein synthesis is required. When bacteria are 
infiltrated in dilute water agar, no hypersensitive response is 
elicited, suggesting that intimate contact between bacteria 

1S and plant cells is required. Pre-induced bacteria quickly lose 
HR-eliciting ability when infiltrated with translation or 
transcriptional inhibitors [see Science 245:1374 (1989)]. 
Further evidence that the elicitor is a component of the 
bacterial coll surface is found in observations that the elicitor 

20 Js not diffusible in infiltrated plant tissue and thai each 
introduced bacterium kills only one plant cell. As predicted 
by these observations, harpin is associated with the bacterial 
ceil surface and appears unstable in nature because of its 
extreme sensitivity to proteolysis. Thus, harpin degradation 

25 may be important in regulating the development of the 
plant-bacterium interaction. 

'llie nonpathogenic phenotype of hrp mutants suggest that 
harpin is also a primary determinant of pathogenicity in £. 
amylomra. The basis for the essential role for harpin in both 

30 compatible (host:disease) and incompatible 
(nonhost:hypersensitive response) interactions is not clear. 
Host range in some plant pathogenic bacteria has been 
shown to be controlled by avr genes that can confer cultivar- 
specific incompatibility to hrp+ pathogens. The biochemical 

3j activity of the avr gene products and the basis for their 
dependence on hrp genes for phenolypic expression is 
unknown, although avrb is regulated by hrp genes. Regula- 
tion of the production or accumulation of harpin may also be 
a determinative factor; the hrp gene cluster in E. amyhvora 

4U is expressed about 10-told lower in host tissue (pear) than in 
nonhost tissue (tobacco). 

Although major disease determinants have been identified 
in plant pathogenic bacteria that cause either tumors or 
extensive tissue maceration (phytohormones and pectic 

4 5 enzymes, respectively), the molecular basis for pathogenic- 
ity among bacteria that cause delayed necrosis in a limited 
range of hosts is unknown. Among these bacteria are the 
economically important Pseudomanas syringae and Xanrh- 
omonas campestris pathovars. Toxins and plant cell wall 

50 degrading enzymes may increase the virulence of these 
pathogens, but the hrp genes are absolutely required for 
bacterial multiplication in host tissues and production of 
disease symptoms. 

The conservation of the hrp genes [see Laby, R. J., 

55 Molecular studies on pathogenicity and virulence factors of 
Erwinia amyhvora, M. S. Thesis, Cornell University 
(1991)] suggests that the E. amyhvora harpin is the arche- 
type of a broadly important class of plant bacterial disease 
determinants. Thus, disruption of harpin or of the proper 

60 balance of its production would be a novel approach to 
controlling the prevalent bacterial diseases of crop plants. 
The mode of action of harpin would also reveal the molecu- 
lar bases for the hypersensitive response and for resistance 
of plants to a broad array of microbial pathogens. 

65 The following example provides a description for the 
determination of the N-terminal amino acid sequence by 
which the gene encoding harpin was located. 
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EXAMPLE VIII 



In order to locate the gene encoding hatpin, named hrpN, 
me partial amino acid sequence of the hatpin protein was 
determined. A sample of hatpin (25 /ig) purified by HPLC as . 
in Example IV was used, A portion of the eluerst from the 
reverse-phase chromatographic column corresponding to the 
peak eluting at 42.5 min was evaporated to near dryness in 
vacuo to eliminate the acetooitrile solvent. The fraction was 
then dissolved in i'E buffer and submitted to the Protein 3 
Analysis Laboratory of the Cornell University Biotechnol- 
ogy Program with the request that the proportion of the 
various amino acids present in the protein, and the sequence 
of amino acids beginning from ihe N-terminus be deter- 

The results of these analyses are shown, in the following 
table in which the amino acid composition from analysis of 
harpin differs only slightly from the amino acid composition 
deduced from the DNA sequence: 
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-continued 



The procedure used for the determination of amino acid 
composition included hydrolysis of ihe protein with 6N HCL 
followed by derivation of the amino acid residues and 
resolution according to S.A. Cohen et al,, 1984, American 
Laboratory p. 48. 

The N-terminal amino acid sequence of harpin accordiog 
to the preseat invention was determined according to the 
methods of Hunkapiller [see Methods OE Protein Micro- 
characterization; A Practical Handbook, ppg 223-247, 
Humana Press, Clifton, N.J. 1986)] is as follows (SEQ ID 
No. 1): 



The deduced amino acid sequence of harpin (including 
the N-terminal amino acid sequence given above) (SEQ ID 
No. 2) according to the present invention is: 



He Gly Gly Ala Gly Gly Ara Asn Gly Leu Leu Gly Thr Ser Arg Gin 

Asn Ale Gly Leu Gly Gly Asn Ser Ala Leu Gly Leu Gly Gly Gly Asn 

Gin Asn Asp Thr Val Asn Gin Leu Ala Gly Leu Leu Thr Gly Met Met 

Met Met Met Ser Met Met Gly Gly Gly Gly Leu Met Gly Gly Gly Leu 

Gly Gly Gly Leu Sly Asn Gly Leu Gly Gly Ser Gly Gly Leu Gly Glu 

Gly Leu Ser Asn Ala Leu Asn Asp Met Leu Gly Gly Ser Leu Ann Thr 
100 105 110 

Leu Gly Ser Lye Gly Gly Asn Asn Thr Thr £er Thr Thr As 11 Ser Pro 
Ala Leu Gly He Asn Ser Thr Ser Gin Asn Asp Asp Ser 

Thr Gin Gly Ser Ser Ser Gly Gly Lye Gin Pro Thr Glu 
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-continued 

Gly Glu Gin Asti Ala Tyr Lys Lye Gly Val Thr Asp Ale Leu Ser Gly 
Leu Met Gly Asn Gly Leu Ser Gin Leu Leu Gly Asn Gly Gly Leu Gly 
Gly Gly Gin Gly Gly &sn Ala Gly Thr Gly Leu Asp Lgy Ser Ser Leu 
Gly Gly Lys Gly Leu Gin Asn Leu Ser Gly Pro Val Asp Tyr Gin Gin 
Leu Gly Asn Ala Val Gly Thr Gly He Gly Met Lys Ala Gly He Gin 
Ala Leu Asn asp lie Gly Thr Hie Arg His Ser Ser Thr Arg Ser Phe 
Val Asn Lys Gly Asp Arg Ala Met Ala Lys Glu lie Gly Gin Phe Met 
Asp Gin Tyr Pro Glu Val Phe Gly Lys Era Gin Tyr Gin Lys Gly Pro 
Gly Gin Glu Val Lys Thr Asp Aap Lys Ser Trp Ala Lys Ala Leu Eer 
Lys Pro Asp Asp Asp Gly Met Ihr Pro Ala Ser Met Glu Gin Phe Asn 
Lye Ala Lys Gly Met He Lys Arg Pro Met Ala Gly Asp Thr Gly Asn 
Gly Aan Leu Gin Ala Arg Gly Ala Gly Gly Ser Ser Leu Gly He Asp 
Ala Met Met Ala Gly Asp Ala He Asn Ans Met Ala Leu Gly Lys Leu 
Gly Ala Ala 

The partial amino acid sequence of harpin was utilized to 
construct an olgonucleotide probe with bases corresponding 
to those encoding the ninth to fifteenth amino acids of the 
N-terniinus of harpin. Since several of these amino acids 40 
may have several nucleic acid codons, a 48-fold degenerate 
oligonucleotide was constructed according to standard pro- 
cedures. 

The identification of clones encoding harpin by hybrid- 
ization with an oligonucleotide probe for harpin is described 
in the following example; 

EXAMPLE IX 

The structural gene encoding harpin was identified by 50 
hybridization of the oligonucleotide probe constructed in 
Example VUl with DNAoilirwinia amylovora. The specific 
DNA cloned in the tirp cluster of E. amylovora in cosmid 
pCPP430 was digested with the restriction enzyme BamHI 
and a separate portion was digested with the restriction 55 
enzyme Ilindlll. The DNA digests were electrophoresed in 
0.7% agarose, stained with ethidium bromide, transferred to 
a nylon membrane (Imroobikm) and hybridized with the 
oligonucleotide probe previously described, according to 
standard procedures. The probe was labelled with radioac- go 
tive phosphorous using 32 p labelled GTP. 

Following hybridization and exposure of the membranes 
to X-O-Mat X-ray film (Kodak) and development of ihe 
film, a 1.3 kb Hindlfl fragment gave the strongest hybrid- 
ization signal in response to the probe. The fragment was 65 
subcloned in the pBhiescript M13+ vector (Stratagene), and 
designated pCPP1084. 



The production of anti-harpin antibodies according to ihe 
present invention is described in the following example: 

EXAMPLE X 

Antibodies were raised in rabbits in response to injection 
with harpin. Three injections of highly purified harpin (100, 
150 and 50 ^g. respectively) were made at 2-3 week 
intervals. The antiserum was harvested after 8 weeks, IgG 
was precipitated with ammonium sulfate, and preabsorbed 
with sonicated E. coll DH5a(pCPP9) lysate. The specificity 
of the antiserum was confirmed by reaction in western blots 
of harpin purified by HPLC as described in Example VII. No 
reaction was seen with prc-immune scrum when western 
blots containing resolved CFEP from DH5a(pCPP430) 
were hybridized. 

Tile description of hrpN in the T7 RNA polymerase/ 
promoter expression system is described in the following 
example: 

EXAMPLE XI 
To confirm that the 1,3 kb Hindlll fragment contains the 
entire hrpN gene, the plasmid pGpI-2 (Proc. Natl. Acad. Sci. 
U.S.A. 82:1074 (1985)] and pCPP10S4, which contains the 
1.3 kb Hindi!! fragment under the control of T7<|>10 
promoter, was transformed, into E. coM DHSa or Ea321. 
These two compatible plasmids constitute the T7 expression 
system. The cells containing both pGpl-1 and pCPP10S4 
were grown in LB with 100 /Jg/'ml of ampicitlin and 50 
fig/ml of kanamycin at 30° C. Two hundred fil of cells at 
OD„, 0 «0.5 were harvested and washed with 5 ml of M9 
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media [Sambrook, J., E. F. Fritsch, T. Maniatis, Molecular 
Cloning. A Laboratory Manual, Second Edition, Cold Spring 
Harbor, (1989)]. Finally, the cells were resuspended in 1.0 
ml of M9 medium supplemented with 0.01% of 18 amino 
acids (no cystidine or methionine). Cells were grown with 
shaking (200 rpm) at 30° C. for 1 hr then shifted to 42° C. 
for 10 min. Rifampicin (Sigma R3501 20 mg/'ml stock 
solution in methanol) was added to final concentration of 
200 /<g/tnl. Cells were incubated at 42° C. for 10 additional 
minutes and then shifted to 30° C. and incubated for an 
additional 1 hour. Cells were pulsed with 10 ftCi of 35 s 
raethioine for 5 min at 30° C. The cells were centrifuged and 
resuspended in 50 /il of ''cracking buffer" (60 nM Tris-HCl, 
pH 6.8, 1%SDS, 1% 2-mercaptoethanol, 10% glycerol and 
0.01% bromophenoi blue). The samples were heated at 100° 
C. for 3 mm and 20//.1 were placed on a 10% SDS PAGE gel. 
After electrophoresis at 15 mA for 2.0 hr in a Mighty 
Small™ apparatus (according to instruction of Hoefer Sci- 
entific Instruments), the gel was dried and exposed to X-ray 
film for 2 hrs at room temperature, A single 44 kD band, 
which corresponded in molecular si/e to harpin, was 
observed from both the E. coli DH5a and ba321 constructs 
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contains the entire open reading frame that encodes the 44 
kD harpin protein. 



The nucleic acid sequence of the hrpN gene according to 
the present invention was determined according to the 
following example. 



EXAMPLE XII 



DNA sequencing analysis was performed by the dideoxy- 
chain termination method (Sanger 1977, PNAS 
74:5643-5667), The sequences were verified from both 
strands by using cither the universal primer or the T3 primer. 
The subclones generated by Kpnl and Pt+I from the 1.3 kb 
Hindlll fragment were used directly as templates for 
sequencing. The nucleotide sequence of hrpN was submitted 
to Genbank and assigned accession number M92994. The 
nuceotide sequence (SEU ID No. 3) is shown below. 




'Itie 44 kD band expressed from this system was also reacted In this sequence, the open reading frame (including the 
with anti-harpin antibody raised in rabbit (Example X). This stop codon TGA) which is expressed to provide the amino 
experiment demonstrated that the 1.3 kb Hindlll fragment acid sequence (SEQ ID No. 4) for to harpin is as follows: 
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The over expression of ihe hrpN gene to produce large 
quantities of harpin is depicted in the following example; 

EXAMPLE XIII 

A new plasmiti designated pCPP50, was constructed 
especially for high expression of harpin as follows: 

The expression vector pINIU 113 ~A2 [see Bio/Technology, 
pp 81-85 (January 1984)] was modified. It was digested 
with the restriction endonuclease Xbal and HindHI which 
resulted in two fragments. The smaller DNA fragment was 
discarded and replaced with a portion of the pBluescript SK~ 
polylinker (Xbal to HindHI). These manipulations removed 
the ribosome-binding site and initiation codon (ATG) from 
pINIII 113 -A2 and replaced them with several useful cloning 
sites (Xbal, Spel, BamHI, Smal, PstI, EcoRV, HindHI, 
BamHI). The resulting vector (pCPP5G) was used in con- 
junction with the hrpN gene to facilitate super-production of 
harpin by E. colt. 

Plasmid pCPP1084, containing hrpN (Example VII) was 
digested with the restriction endonuclease HindHI. The 1.3 
kb HindHI DNA fragment was purified from an agarose gel, 
and ligated into pCPP50 which had also been digested with 
Hindll and treated with alkaline phosphoralase. The DNA 
was transformed into E. coli DH5a. Several transformants 
were screened on an SDS-Polyacrylamide gel for production 
of a protein corresponding to the known mobility of harpin. 
One clone, designated pCPP2139, produced large quantities 
of hatpin. 

Large quantities of harpin were produced in E. coli 
DH5a(pCPP2139) according to the following procedure: E. 



coli DH5ct(pCPP2139) was grown in M9 minimal medium 
supplemented with 5 g/1 casamino acids and 40 mg/1 thia- 
mine. The bacteria were grown for an additional 20 hours at 
37° C. Harpin was isolated from the bacteria according to 
Example III. 

Harpin produced by E. coli DH5a(pCPP2139) was active 
in tobacco leaf assays and it had the same molecular weight 
on SDS-polyacryiamide gels and reacted with anti-harpin 
antiserum (Example X) as harpin produced bv E. coli 
DH5a(pCPP430). 

In dilution point tobacco leaf assays, CFEP produced 
from£. coU DH5a(pCPP2139) had detectable activitv at a 
1:150 dilution. E. coli DH5a(pCPP430) had detectable 
activity only to a 1:10 dilution. Thus, E. coli DHSct 
(pCPP2139) produced at least 15 times as much harpin as E. 
coli DH5o(pCPP430). The results referred to are tabulated 
in the following table. 



TABLE 2 




DtBa(p( PP2. IQj 
DH5ti(PCPP4TO) 




Similar conclusions were drawn by examination of SDS- 
poiyacrylarnide gels containing harpin preparations from the 
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In addition to determining hrpN in E. amylovora, and 
because harpin is believed to be the archetype for a family 
of pioteinaceous HR elicitors thai are produced by many 
different phytopathogenic bacteria, the identification of 
hrpN homoiogs was also searched out in Erwinia chrysan- s 
Ihemi and Erwinia .sienarlii according to the following 
protocol. 

EXAMPLE XIV 

The 1.3 kb Hindlll DNA fragment from pCPP1084, 10 
containing hrpN, was used as a radioactive probe agaiasl 18 
cosmids previously shown to contain hrp genes from E. 
ckrysantkemi strain AC4150. One cosmid, pCPP2157, 
hybridized strongly with the HrpN clone under high strin- 
gency conditions (washes done in 0.4 xSSC, o.2% SDS, 65° 15 
C). The cosmid was used in further analyses. An 800 bp 
Cial fragment from pCPP2157, which hybridized with the 
HrpN probe, was cloned into pBluescripl SK~ to give 
pCPP2140. Initial DNA sequencing (using Sequenase ver- 
sion 2.0 kit, U.S. Biochemicais) of one end of the 800 bp 20 
Cial fragment showed a region of 224 nucleotides with 72% 
nucleotide identity. Sequence comparison was done with 
FASTA., and the nucleotide sequence for E. chrysanfhemi 
corresponding to E. amylovora hrpN (best-fit) from nucle- 
otide 1005 to 1223 indicates a 72% identity. The E. chry- 25 
santhemi sequence (SEQ ID No. 5) is given below. 



sse (200 /<g,'ml) 



•Number of treated pear halves (out of H) showing ooze 
at cut ends 64 hours after inoculation with 50 fd containing 
ixlO 8 cfu of Ea321 treated as indicated. 

Treatment of/?, amyhwira with either protease or harpin- 
specific antiserum reduced the number of pear fruits that 
became infected, Treatment with preimmune (normal) 
serum had no effect on the development of disease. The 
above-described test of the effect of two treatments that 
affect harpin without affecting the vitality or growth of E. 
amylovora was particularly harsh. Only the harpin present 
on the treated cells could be affected because the antiserum 
or enzyme could not be present to react with harpin on the 
progeny from the treated cells. Under conditions envisioned 
for practical use according to the present ii 




Using a similar protocol, the 1.3 kb Hind III DNa frag- 
ment from pCPP1084 was used to probe a DNA of E. 
stewartii. Genomic DNA of strain DC283 and DNA of the 
cosmid clone pES411 [see Coplin el ai, Mol. Plant-Microbe 
Interactions. 5:266-268 (1992)] were hydrolysed with Hind 
III, electrophoresed and hybridized. A 1.8 kb Hind III 
fragment from both DNA preparations hybridized with the 
probe. These results indicate that hrpN of E. amylovora 
shares homology with a hrpN-like gene of E. stewartii. 

The effect of two means of mactivation, according to She 
present invention, of harpin on disease severity in plants is 
described below, 

EXAMPLE XV 
Inactivation of harpin by reaction of E. amylovora cells 
with an antiserum specific for harpin (Example X) or a 
protease that degrades harpin (Example VII) resulted in a 
reduction in disease of pear caused by E. amylovora. Imma- 
ture pear fruit, harvested when the fruit were 3-^1 cm in 
diameter were sitrface-dismfesied, cut in half lengthwise and 
placed on moistened paper towels. Wells were cut in the 
cheeks of fruit with a number 1 cork borer (see Beer, S. V. 
Methods in Phytobacteriology, pp 372-375 (1990) Klement, 
Z,, Rudolf, K, and Sands, D. eds), One ml of a culture of 
Ea321 (2x10 s cfu/ml) was mixed with 50 /d and 100 /A of 
a 1:25 dilution of anti- harpin antisera (Example X), and after 
5 minutes, 50 fil of the mixture was deposited is the well of 
each pear fruit. Similarly, suspensions of Ea321 were mixed 
with protease before deposit in Lhe wells in the pear fruit. 
The pears were incubated at 27° C. and observed daily for 
3 days. Controls consisted of cells not treated and cells 



harpin antibodies would be produced by plants transformed 
with genes encoding anti-harpin antibodies or protease, and 
these in turn would inhibit or lessen the disease severity of 

4U the plant exposed to the elicitor. Also, in nature, treatment of 
blooming apple or pear trees with protease or anti-harpin 
antibodies is likely to result in greater reductions in fire 
blight because infections generally are initiated by a small 
number of cells, as opposed to about 10 s , as was used in the 

45 above example. 

Thus, to summarize the present invention, there is strong 
evidence that harpin is the archetype for proteinaceous 
factors that enable plant pathogenic bacteria (and possibly 
other pathogenic microorganisms) to elicit either the hyper- 

50 sensitive response in nonbosts or to promote disease in 
hosts. To begin with, strains of the three genera Erwinia, 
Pseudomonas, and Xanthomonas elicit a very similar 
(visually and physiologically) hypersensitive response when 
infiltrated into leaves of their respective non-host plants. 

ss This relationship has been documented almost since the 
discovery of the hypersensitive response elicited by bacteria 
in 1963. In addition, the genes required for the elicitation of 
the HR by strains of all three genera ofbacteria (referred to 
similarly, as hrp genes) are also those required for both 

60 pathogenicity to host plants and for elicitation of the hyper- 
sensitive response in non-host plants. 

The relationship between hrp genes among phytopatho- 
genic bacteria has been documented in studies by Laby and 
Beer [Molecular Plant Microbe Interactions 5: (1992); R. J. 

65 Laby, Molecular studies on pathogenicity and virulence 
factors of Erwinia amylovora, M. S. Thesis, Cornell 
University, Ithaca, N.Y. 1991]. They showed conclusively 
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relationships, at the DNA level, between the hrp gene cluster 
of L. amylovora and the hrp geoe cluster of Pseudomonas 
syringae, as well as the relationship between the hrp gene 
cluster of E. amvlovora and the wts (water soaking) gene 
cluster of E. siewartn. Other workers have demonstrated a 5 
sinking relationship among the hrp genes of various P. 
syrmgae pathovars (strains of P. syrmgae pathogenic to 
specific and different plants). Still other researchers have 
demonstrated a close relationship between hrp genes of 
strains of Xanthomonas campestns and P. solanacearvm. 
Thus, there is overwhelming evidence tor conserved DNA 
among plant pathogenic bacteria ot several genera that cause 
disease of a multitude of plants. 

The significant similarity in DNA sequence between the 
hrpN gene of E. amvlovora and a homologous gene of E. 
chrysanthemi, according to the present invention, has also 
been shown . In addition, wc have observed strong hybrid- 
ization between hrpN and genomic DNA of E. stswartii, a 
serious pathogen of maize. More specifically, hybridization 
between hrpN and a specific 1.8 kb Hind HI fragment of the 
wts gene cluster was observed. This indicates that the other 
two species of Erwinia examined to date have hrpN 
homologs, Thus, significant similarity in the hrpN-like gene 
products (protein) according to the present invention can be 
expected. 

In addition, many of the hrp genes of E. amylovora appear 
to be involved in the secretion of cell-surface exposition of 
harpin, based on the phenotype of mutations in those genes. 
One gene of the hrp gene cluster of Pseudomonax syringae, 
which hybridizes with a portion of the hrp gene cluster of E, 
amylovora, encodes a protein with a high amino acid simi- 
larity with proteins involved in secretion in various Gram- 
negative bacteria. 

Thus, the known similarities of hrp genes of 
Pseudomonas, Xanthomnonas, and Erwinia provide a firm 
basis to suspect that the HR elicitors produced by strains of 
the three genera are likely to be similar in amino acid 
sequence or at least in general characteristics (protein) and 
function. 

The uses to which the various aspects and portions of the 
present invention may be put to are many and varied. For 
example, hrpN mutants may be used to identify, by 
complementation, genes from other plant pathogenic organ- 
isms (e.g., bacteria, fungi, nematodes) that encode proteins 
that function similarly to harpin. Although such proteins 
may have substantially different primary structures (and 
therefore would be difficult to detect by DNA hybridization 
techniques), these proteins should restore the ability to elicit 
the HR to either E. amylovora or E. coli cells carrying a hrp 
cluster that was functional, except for the hrpN gene. 

Another use within the scope of the present invention is 
to use harpin and/or barpin-producing strains to identify in 
plants harpin receptors and/or their inleraetanls in signal 
transduction pathways and clone their encoding genes. Thus, 
this would allow one to exploit the potential of harpin to 
function (depending upon the plant) as a pathogenicity 
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factor or as an elicitor of defense reactions to manipulate the 
structure or expression of plant genes (s) encoding harpin 
receptees) for the purpose of producing genetically engi- 
neered plants with improved resistance to plant pathogens. 

Still another use of hatpin within the scope of the present 
invention would be as a potentiator of secondary metabolite 
production in plants grown either naturally or in tissue 
culture. 

Still another use would be the fusion of the gene encoding 
harpin to specific promoters of plant genes to develop 
specific transgenic plants. When the plant gene is "turned 
on", harpin would be expressed and the plant cell killed. 
Some appropriate plant gene promoters and their projected 
uses include genes involved in pollen development 
(resulting in the development of male sterile plants); genes 
that are expressed in response to infection by fungi, e.g. 
genes encoding phenylalanine ammonia lyase and chalcone 
synthase the plant cell would be killed thereby limiting the 
progress of the fungus and making the plant resistant to 
fungal diseases); and genes involved in the development of 
senescence (to facilitate harvest, expression of hrp genes 
would result in defoliation). 

Still another use of harpin within the scope of the present 
invention would be the use of harpin as a "target molecule" 
with which chemical compounds would be designed to react 
and thereby inactivate the bacterial harpin, which, because it 
is essential for disease, would provide a specific bacteriacide 

A listing of the nucleotide and amino acids described in 
the present application are as follows: 

Thus while we have illustrated and described the pre- 
ferred embodiment of our invention, it is to be understood 
that this invention is capable of variation and modification, 
3S and we therefore do not wish to be limited to the precise 
terms set forth, but desire to avail ourselves of such changes 
and alterations which may be made for adapting the inven- 
tion to various usages and conditions, Such variations and 
modifications, for example, would include the substitution 
4U of structurally similar sequences, for both the elicitor and 
hrpN genes provided herein (whether derived from natural 
sources or synthetically manufactured), which function to 
yield substantially similar activities to those specifically 
described above, Thus, changes in sequence by the 
45 substitution, deletion, insertion or addition of nucleic acids 
(in the DNA sequences) or amino acids (in the peptide 
sequences) which do not substantially alter the function of 
those sequences specifically described above are deemed to 
be within the scope of the present invention. Accordingly, 
so such changes and alterations are properly intended to be 
within the full range of equivalents, and therefore within the 
purview of the following claims. 

Having thus described our invention and the manner and 
a process of making and using it it! such full, clear, concise 
55 and exact terras so as to enable any person skilled in the art 
to which it pertains, or with which it is most nearly 
connected, to make and use the same; 
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F SEQUENCES: 5 



) SEQUENCE CHARACTERISTICS: 
single 



) SEQUENCE DESCRIPTION: SEQ ID MC 
Leu Asn Thr Ser Gly Leu Gly ill a 



) SEQUENCE CHARACTERISTICS: 



Met Ser Leu Asn Thr Ser Gly Leu Gly Ala Ser Thr Met Gin He Ser 

He Gly Gly Ala Gly Gly Asn Asn Gly Leu Leu Gly Thr Ser Arg Gin 

Asn Ala Gly Leu Gly Gly Asn Ser Ala Leu Gly Leu Gly Gly Gly Asn 
35 40 45 

Gin Asn Asp Thr Val Asn Gin Leu Ala Gly Leu Leu thr Gly Met Met 

Met Met Met Ser Met Met Gly Gly Gly Gly Leu Met Gly Gly Gly Leu 

Gly Gly Gly Leu Gly Asn Gly Leu Gly Gly Ser Gly Gly Leu Gly Glu 

Gly Leu Ser Asn Ala Leu Asn Aap Met Leu Gly Gly Ser Leu Asn Thr 

Leu Gly Ser Lys Gly Gly Asn Asn Thr Thr Ser Thr Thr Asn Ser Pro 

Thr Ser Gly Thr Asp Ser Thr Ser Aep Ser Ser Asp Pro Met Gin Gin 
145 150 155 160 

Leu Leu Lys Met Phe Sec Glu lie Met Gin Ser Leu Phe Gly Asp Gly 

Gin Asp Gly Thr Gin Gly Ser Ser Ser Gly Gly Lys Gin Pro Thr Glu 

Gly Glu Gin Asn Ala Tyr Lya Lys Gly Val Thr Asp Ala Leu Ser Gly 

Leu Met Gly Asn Sly Leu Ser Gin Leu Leu Gly Asn Gly Gly Leu Gly 

Gly Gly Gin Gly Gly Asn Ala Gly Thr Gly Leu Asp Gly Ser Ser Leu 





(Xi) SEQUENCE DESCRIPTION: SEQ ID HO:5: 
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Wc claim: 

1. Escherichia coli DH5a(pCPP10S4) deposited under 
ATCC Accession No. 69021. 

2. An isolated DNA molecule encoding a protein which 15 
elicits a hypersensitive response in plants, wherein the 
protein is encoded by a nucleic acid sequence which is 
complementary to a nucleic acid sequence which hybridizes 

to the nucleic acid of SEQ ID. No. 4 under stringent 
conditions of 0.4xSSC, 0.2% SDS washing at 65° C. " 20 

3. An isolated DNA molecule according to claim 2, 
wherein the DNA molecule comprises a nucleotide sequence 
of SEQ ID. No. 4. 

4. An isolated DNA molecule according to claim 2, 
wherein said protein has no cysteine. 25 

5. An isolated DNA molecule according fo claim 2, 
wherein said protein has a molecular weight of 44 kDa on an 
SDS polyacrylamide gel. 

6. An expression system containing the DNA molecule 
according to claim 2, wherein the DNA molecule is heter- 30 
ologous to the expression system. 

7. An expression system according to claim 6, wherein the 
DNA molecule comprises a nucleotide sequence of SEQ ID. 
No. 4. 

8. An expression system according to claim 6, wherein 
said protein has no cysteine. 

9. An expression system according to claim 6, wherein 
said protein has a molecular weight of 44 kDa on an SDS 
polyacrylamide gel. 

10. A host ceil containing the DNA molecule according to 40 
claim 2, wherein the DNA molecule is heterologous to the 
host cell. 



11. A host cell according to claim 10, wherein the DNA 
molecule comprises a nucleotide sequence of SEQ ID. No. 

12. A host cell according to claim 10, wherein said protein 
has no cysteine. 

13. A host cell according to claim 10, wherein said protein 
has a molecular weight of 44 kDa on an SDS polyacrylamide 
gel. 

14. A hosi cell according to claim 10, wherein the DNA 
molecule is in an expression system. 

15. A transgenic plant transformed with the isolated DNA 
molecule of claim 2, wherein the DNA molecule is heter- 
ologous to the transgenic plant. 

16. A transgenic plant according to claim 15, wherein the 
DNA molecule comprises a nucleotide sequence of SEQ ID. 
No. 4. 

17. An isolated DNA molecule according to claim 2, 
wherein the hypersensitive response elici tor protein is from 
an Erwinia pathogen. 

18. An isolated DNA molecule according to claim 17, 
wherein the Erwinia pathogen is Erwinia amylovora. 

19. An isolated DNA molecule according to claim 18, 
wherein the protein comprises an amino acid sequence of 
SEQ ID. No. 2. 

20. An isolated DNA molectsle according to claim 17, 
wherein the Erwinia pathogen is Erwinia chrysanthemi. 

21. An isolated DNA molecule according to claim 17, 
wherein the Elwinia pathogen is Erwinia stewartii. 

22. An isolated DNA molecule according to claim 2, 
wherein the protein is protease sensitive, contains no 
cysteine, and is heat stable at 100° C. for at least one minute. 
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The ability of the Pseudomonas syringae pv. pnaseolicola 
harpin (HrpZpspi,) to elicit hypersensitive response was 
investigated in three Nicotiana genotypes. The hrpZ-p sph 
gene was placed under chemical regulation (tetracycline 
induction) in TetR + Nicotiana tabacum cv. Wisconsin 38 
(W38) or was transiently expressed in N. benthamiana 
following infection with a PVX-derived vector and in three 
Nicotiana genotypes by agroinfiltration. The constructs 
were designed to express either the canonical form of 
harpin (HrpZpsph) or an N-terminaliy extended version of 
the protein carrying the signal peptide portion of the to- 
bacco pathogenesis-related protein PRla (SP-HrpZftpd). 
Stable transformants of N. tabacum cv. W38 did not de- 
velop necrosis upon induction with tetracycline, probably 
as a result of insufficient harpin accumulation, in con- 
trast, JV; benthamiana plants infected with the PVX con- 
structs produced high concentrations of harpin in biologi- 
cally active form, but only those expressing the secretable 
form of harpin developed necrotic symptoms. These symp- 
toms were less severe than those caused by PVX::avrPto; 
however, they were accompanied by induction of hsr203J, 
a hypersensitive response-specific gene transcript These 
results suggest that the plant cellular receptees) for 
harpin is extracellular. 

Additional keywords: bacterial hypersensitive response elici- 
tor, bean halo blight pathogen, hrp-hrc genes, type III secreted 



The interaction of plant-pathogenic bacteria with resistant 
host cultivars or nonhost plants often leads to a rapid, local- 
ized defense response termed hypersensitive response (HR), 
during which cells immediately surrounding the site of infec- 
tion rapidly die (Klement et al, 1964), There is accumulating 
evidence that HR is a programmed cell death process 
(Greenberg et al. 1994; Wang et al. 1996) that is triggered 
following specific recognition between plant and pathogen 
proteins that are "functionally correspondent" and may inter- 
act physically at some early stage of the pathogen-plant en- 
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counter (Flor 1971). Following the initial discovery by 
Lindgren et al. (1986), it has been established that the elicita- 
tion of HR by a broad range of plant-pathogerac bacteria, in- 
cluding Pseudomonas, Erwinia, Xanlhomonas, and Ralstoma 
spp., requires the functions ot a suite of. genes originally 
named hrp (HR and pathogenicity) (Bonas 1994) and more 
recently known as hrp-hrc (HR-conserved) (Bogdanove et al. 
1996). These genes encode components of a novel protein 
secretion pathway designated type III secretion system 
(TTSS) (Van Gijsegem et al. 1993). This pathway is similar to 
those used by mammalian pathogens to secrete proteinaceous 
virulence factors such as Yops, Sips, and Ipas, some of which 
are delivered by the bacterial-secretion apparatus inside the 
mammalian host cell (Hueck 1998). 

In plant pathogens the type III pathway is used to deliver 
proteins from the bacterial cytoplasm either to the culture 
medium or into the host cell cytosol. Some of these bacterial 
proteins can stimulate or interfere with host ceilular processes 
(effectors), whereas others are involved in the secretion proc- 
ess, its regulation, or the translocation of the effectors through 
the host cell membrane. Effectors delivered by TTSS in plant- 
pathogenic bacteria elicit HR or contribute to pathogen viru- 
lence (Leach and White 1996). Effectors such as Avr proteins 
and harpins are intrinsically able to trigger HR in the absence 
of other bacterial proteins. Only the harpins and PopAl, how- 
ever, elicit HR when supplied to the plant in purified form at 
relatively high concentrations (Arlat et al. 1994; He et al. 
1993; Wei et al. 1992). In contrast, Avr proteins elicit HR only 
when they are expressed endogenously in the plant cells 
(Gopalan et al. 1996; Leister et al. 1996; McNellis et al, 1998; 
Scofietd et al. 1996; Van den Ackerveken et al. 1996). These 
effectors all require the bacterial type 111 pathway to exit from 
the bacterial cell (e.g., harpins and PopAl) or to reach their 
appropriate destination in the host cell (e.g., Avr proteins), 
These Findings, coupled with the fact that Avr proteins are 
generally not secreted by the bacteria in culture, led to the 
hypothesis that these proteins are delivered directly inside the 
plant cells via the type III secretion pathway and initiate cell 
death by interacting with cognate receptors. This hypothesis is 
in line with the intracellular nature of most "matching" R gene 
products (putative receptors) (De Wit 1997; Scofield et al. 
1996; Tang et al. 1996). The intracellular delivery model is 
also in line with the ability- of the type III system of tnammal- 



1366 / Molecular Plant-Microbe Interactions 



ian pathogens to deliver virulence proteins inside the host cell 
(Hueck 1998). 

The role of harpins in compatible and incompatible interac- 
tions is still enigmatic. Inferences about their site of action 
have been made from two types of studies. The HR induced 
by harpin from Erwinia amylovora (HrpNai) and Pseudo- 
monas syringae pv. syringae (HrpZp,,) is prevented by inhibi- 
tors of calcium influx and ATPase activity in tobacco (He et 
al. 1993; Popham et al. 1995), The HrpN Esl -induced membrane 
depolarization, extracellular alkalinization, and potassium 
efflux in tobacco suspension culture cells has indicated that 
harpin has a pronounced effect on the plasmaiemma, affecting 
TF-ATPase, ion channels, or membrane carriers (Pike et al. 
1998; Popham et al. 1995). Moreover, Hoyos et al. (1996) 
reported that HrpZ fta binds to the outer portion of the cell sur- 
face of tobacco suspension culture cells and causes K + efflux 
and extracellular atkalinization in tobacco cell suspension 
cultures but not in protoplasts. This work showed that HrpZ^ 
is not detected in the cytoplasm of fixed, permeabilized, sus- 
pension-cultured cells but in the periphery of plant cells with 
intact walls, suggesting that HrpZ,^ possibly interacts with a 
component of the plant ceil wall rather than the plasma mem- 
brane. These results do not necessarily rule out either possible 
interaction of HrpZ with the plasmaiemma or internalization 
upon application to the extracellular medium of suspension 
cells due to the inherent limitations of the protoplast system 
and, possibly, to the low sensitivity of the immunofluores- 
cence method. 

To circumvent the limitations of these approaches and ob- 
tain further evidence concerning the mode and cellular site of 
harpin action, a fundamentally different approach was em- 
ployed in the present study. Specifically, we investigated 
whether the HrpZ protein of P. syringae pv. phaseolicola 
(HrpZpspO can elicit necrosis when expressed endogenously in 
plants. We expressed the protein in its canonical form and as a 
fusion with SP-PRla, a plant protein signal peptide sequence. 
Our results showed that HrpZ PgFrh elicits HR only when it is 
produced in sufficient quantity by the plant and, importantly, 
in a secretable form. 

RESULTS 

Expression of hrpZ^ in plants via 
Agrobacterium~medi-dted transformation. 

Expecting that endogenously produced harpin may be lethal 
to the plant, we used the tetracycline inducible (Tet) expres- 
sion vector system to achieve conditional expression of the 
hrpZpspj, gene. The hrpZ^ph coding frame was cloned in sense 
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Fig, 1. Western blot analysis of Hjp2 Fs[ ,f Lsae 1, Intercellular spaces 
of tobacco leaves after injection of Pseudomonas syringae pv. phase- 
olicola. The quantity corresponds to 0.2 cm 2 of leaf area. Lane 2, 
Leaves of Nicotiana benthamiana infected with PVX202::/irpZp e p l! in 
0.076 cm 2 of leaf area. Lane 3, Leaves of transformed plants 
TetR + /HrpZ + 4 days after tetracycline induction in hydroponic cul- 
ture. The quantity corresponds to 0,2 cm 2 of leaf area. P = purified 
HrpZpsof, from Escherichia coii (20 ng), 



and antisense orientation in the pBin-Hyg-TX vector. To di- 
rect the HrpZ^ protein to the plant cell exterior, the signal 
peptide (SP) sequence of the extracellular pathogenesis- 
related tobacco protein PRla (SP^a) was fused in frame to 
the hrpZ coding sequence. Transgenic tobacco plants (TetR + , 
Nicotiana tabacum cv, Wisconsin 38 [W38]) were trans- 
formed by Agrobacterium-medwted leaf disk transformation, 
Thirty hygromycin-resistant, independent transformants were 
obtained for each transforming plasmid. Analysis of the trans- 
formants by Northern hybridization and immunoblotting re- 
vealed an /irpZpsj^-specifie transcript and the HrpZ^j, protein 
after tetracycline treatment of leaves. The level of HrpZpspK 
protein did not vary significantly among different transfor- 
mants. Contrary to our expectations, the primary transfor- 
mants (T 0 ) and selfed progeny (T;) did not reveal necrotic or 
other types of symptoms of any form during several days of 
observation after administration of tetracycline either via the 
root system or by injection in leaf mesophyll panels. Similar 
results were obtained by agroinfiltration of three Nicotiana 
genotypes (N. tabacwm cultivars Xanthi and W38 and N. 
benthamiana). In these plants both the canonical and the 
secretable form of HrpZ^ were produced (not shown). 

The failure of endogenously produced harpin to elicit ne- 
crotic symptoms could be a result of the protein not accumu- 
lating in sufficient quantity in the transgenic plants. Therefore, 
the amount of harpin produced in transgenic plants after tetra- 
cycline induction was quantified by immunoblotting and a 
rabbit polyclonal antibody prepared against HrpZpsph, which 
was purified from Escherichia coli and densitometry scanning 
of the bands (Fig. 1) with the National Institute of Health Im- 
age Program for Macintosh. Harpin accumulation was deter- 
mined in total protein extracts from leaves after tetracycline 
induction from a reference plot that was based on known con- 
centrations of purified protein. Two major immunoreactive 
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Fig. 2. Quantitative analysis of HrpZ Pg|i . a, purified HrpZ Psj)!! needed for 
hypersensitive response (HR) elicitation. b, HrpZpspfc produced in situ 
upon injection of Pseudomonas syringae pv. phaseolicola suspension 
into the intercellular spaces of tobacco leaf apoplast. o and d, HrpZpjp h 
produced in tobacco transgenic plants TetR + /HrpZ + and TetR + /SP-HrpZ* 
expressing the canonical and the secretable form of HrpZpspi,, respec- 
tively, after 4 days of induction with 1 mg of tetracycline per 1 in. hy- 
droponic culture, e, HrpZp^, accumulated in leaves of Nicotiana 
benthamiana 12 days after infection with PVX202::/i?)pZp sph . Results 
represent mean values of two independent experiments. In each experi- 
ment, three leaves from different plants with the same treatment were 
used Vertical axis is logarithmic and shows the quantity of HrpZp^t, per 
square centimeter of leaf area, Intercellular space of well-expanded 
tobacco leaves was soaked with 10 (uVcm 2 of leaf area. 
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bands were observed in protein extracts from plants express- 
ing the hrpZ gene. One corresponds to the full-length protein 
(upper band), and the other differs in apparent molecular mass 
by approximately 2 kDa. The origin of the lower band will be 
addressed later. 

The quantity of harpin produced was compared with that 
produced by 10 7 CFU off! syringae pv. phaseolicola per ml 
upon injection into the tobacco leaf apoplast and 100 jug of 
purified harpin per ml, the lowest concentrations able to elicit 
HR (Fig. 2). Harpin accumulation in the transformed plants 
(mass of protein/cm 2 of leaf) was 10-fold higher than the 
amount produced by bacteria in situ in standard HR tests. The 
bacteria, however, are most likely to deliver and/or specifi- 
cally direct the elicitor to its correct cellular destination, pos- 
sibly contributing other factors for HR development such as 
Avr proteins. In contrast, the transformed piants accumulated 
50-fold less harpin than the quantity needed for HR elicitation 
when the protein is administered in purified form. The inabil- 
ity of harpin to elicit macroscopicatly visible HR in these 
plants may be attributed to insufficient quantity, improper 
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delivery, or lack of biological activity of the protein when it is 
produced endogenously in the plant. 

PVX -mediated expression of HrpZ^ in N. benthamiana. 

In an attempt to increase the intracellular accumulation of 
harpin, the hrpZ^ gene initially was cloned into the potato 
virus X-derived vector pPVX202, which permits high-level 
expression of heterologous genes in sotanaceous plants. DNA 
of the recombinant virus PVX202::firpZ Psph was used to infect 
jV. benthamiana leaves following the standard procedure 
(Sablowski et al. 1995). Control plants infected with PVX202 
showed the characteristic chlorotic mosaic symptoms and leaf 
curling in the systemically infected leaves 12 to 15 days after 
infection. Plants infected with PVX202::hrpZ ?sfh produced 
symptoms similar to those of the control plants over the same 
time period and did not develop any form of necrosis. The 
HrpZpsph protein was detected by Western blot in extracts from 
systemically infected leaves with PVX202 ::hrpZ^ h 8 to 9 
days after inoculation. In the same period, the expected sub- 
genomic viral transcripts were detected by Northern blot 
analysis by a riboprobe that was specific for the positive 
strand of PYX (Fig. 3). The quantity of harpin in these plants, 
quantified by densitometry scanning as described above, was 
substantially higher (100-fold) than in stably transformed N. 
tabacum cv. W38 TetR + /HrpZ + -expressing piants (Fig, 1), 
This amount was several-hundred-fold greater than that pro- 
duced by bacteria injected into the leaf mesophyli at the low- 
est concentration needed to elicit confluent HR and roughly 
equal to the quantity of pure harpin able to elicit the reaction 
(Fig. 2). 




Fig. 3. Northern blot analysis of mRNA extracted from Nicotians 
benthamiana plants after inoculation with PVX and PVX202; :hrp"Z Vs ^. 
The membrane was probed sequentially with a riboprobe specific for the 
positive sirand of PVX (A) and with a M P-tabeled DNA probe of the 
entire hrpZ?^ sequence (B). Lanes: 1, total RNA extracted from leaves 
of PVX-infected plants 15 days after inoculation; 2 to 5, total RNA 
extracted from leaves of PVTC202::Ar/>Z P ^-!iyfected plants at 8, 12, 16, 
and 20 days after inoculation, respectively. The position of various 
mRNA species are indicated on the left-hand margin. Autoradiographs 
were produced by exposure of panel A for 15 min, except lane 1, which 
was exposed for 1 h to detect the 6.4-kb transcript. 




Fig. 4. TobaQeo leaf showing the necrotic symptoms induced on tobacco 
leaves after injection of protein extracts from 1, healthy leaves of Nico- 
tians benthamiana (2 mg/tnl); 2, systemically PVX202~mfecied leaves 
of N. benthamiana (2 mg/tnl); 3, systemically PVX202:; l >!fpZp^ h - 
mfected leaves of N. benthamiana (2 mg/ml); 4, purified harpin (100 
pg/ml; 5, cell suspension of Pseudomonas syringae pv. phaseolicola 
(2 x 10* CFU/ml) in 10 mM MgCl 3 . Leaf was photographed 24 h after 
infiltration under whits light. 



1368 / Molecular Plant-Microbe Interactions 



In light of the above results, it was important to establish 
whether the endogenously produced harpin in PVX- 
202::/ff j pZp sp h-infected plants retained its HR~inducing activity. 
Tota! protein extracts were prepared from N. benthamiana 
leaves infected with either ¥VX2Q2::hrpZ fsph or the vector 
alone. After ammonium sulfate precipitation and extensive 
dialysis, the extracts were injected into N. tabacum cv. Xanthi 
leaf mesophyll panels. Leaf panels injected with these extracts 
developed typical HR within 24 h, whereas similar extracts 
from healthy and PVX202-infected control leaves did not 
cause necrosis (Fig. 4). Similar results were obtained when 
the protein extracts were injected into N. tabacum cv. W38 
and N. benthamiana leaves {not shown). These results showed 
that harpin produced in plants is biologicaily active. There- 
fore, the inability of endogenously produced harpin in 
PVX202::/»rpZ Paph -infected leaves to elicit necrosis is not a 
result of insufficient quantity or a lack of intrinsic HR elioitor 
activity, 

A most likely explanation of our findings is that the protein 
does not gain access to the appropriate cellular target(s) (e.g., 
outside the plant cell). This possibility was tested by infecting 
j¥, benthamiana plants with the recombinant virus 
VVXlOZ.-.SP-hrpZ^ encoding the secretable form of HrpZ. 
The plants developed mosaic symptoms in upper, noninocu- 
lated leaves 8 to 10 days after inoculation and numerous small 
necrotic lesions 3 to 5 days later. The symptoms occurred 
predominantly in the basal portion of the leaves (Fig. 5). Nei- 
ther necrosis nor mosaic developed in the distal to the petiole 
portion of the leaves, indicating that the ensuing plant re- 
sponse was limiting the spread of the recombinant virus. Irn- 
munoblot analysis of total protein extracts from PVX202: :£P- 
/wyZpsph-infected plants revealed the presence of immunoreac- 
tive bands corresponding in size to SP-HrpZ Ps p h and HrpZpspi, 
(not shown), indicating that the protein was indeed produced 
and the SP extension was properly processed. 



It is well documented that in planta expression of bacterial 
and fungal avirulence genes (e.g., avrPto, avrRpt2, and avr9) 
leads to necrosis (Hammond-Kosak et at. 1995; Kamoun et al. 
1999; Mudgett and Staskawicz 1999; Tobias et al, 1999), 
Therefore, we compared the severity of necrosis caused by 
harpin and AvrPto in N. benthamiana infected with 
PVX202::SP-/zrpZ Pspll and PVX202::awPto (Fig. 5). In con- 
trast to the small necrotic lesions observed with PVX202::5P- 
hrpZ^, VVX202::avrPto elicited extensive necrosis over the 
entire basal portion of the systemically infected leaves 5 to 7 
days after inoculation. Furthermore, expression of AvrPto 
caused death of the entire plant, which was not observed with 
harpin. 

Necrosis caused by the secretable form 
of harpin is HR specific. 

It has been established that hsr203J transcripts accumulate 
specifically in tissues undergoing HR following pathogen 
infection or harpin injection into leaf intercellular spaces 
(Pontier et al. 1994). To determine whether the necrosis ob- 
served in plants infected with PVX202 wSP-hrpZ^ is HR- 
specific, the induction of gene transcripts was examined by 
Northern hybridization. Total RNA extracts from jV. bentha- 
miana leaves systemically infected with PVX202::/?rpZ P8ptl 
and PVX2G2::SP-6rpZ PE])!l and prepared at various times after 
inoculation were probed with an hsr203J probe (Fig. 6). 
Similar extracts from plants inoculated 6 h earlier with P. sy- 
ringae pv. phaseolicola were also included in the Northern 
analysis. It proved experimentally difficult, however, to in- 
vestigate the hsr203J transcript accumulation in plants in- 
fected with PVX202::SP-/ir/)Z Ptph or PVX202 wavrPto because 
of the transient induction of this gene and uncertainty about 
the kinetics of harpin accumulation in the PVX202-infected 
plants. Nevertheless, hsr203J was detected in PVX202::£P- 
ArpZpjph-infected plants but not in those infected with PVX202 
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(Fig. 6). The hsr203J transcript accumulation was observed 
prior to the onset of necrotic symptoms. 

Origin of a truncated form of HrpZPsph produced 
in planta. 

The expression of the hrpZ^ gene in planta generates two 
forms that differ in apparent molecular mass by approximately 
2 kDa. We considered two possible scenarios for the origin of 
the lower molecular mass species. One possibility is proteoly- 
sis, based on the observation that other type Ill-delivered pro- 
teins are cleaved in bacteria (e.g, PopAI, HrpA, DspA, and 
AvrPphB) (Arlat et al. 1994; Gaudriault et al. 1997; Puri et al. 
1996; Roine et al. 1997) or in planta {e.g., AvrRpt2, AvrB, and 
AvrPphB) (Gopalan et al. 1996; Mudgett and Staskawicz 
1999; our unpublished data). Another possibility is alternative 
translation initiation on the basis that an internal ATG codon 
is present at position 16. Initially we examined whether harpin 
purified from E. coli or synthesized in vitro (TnT system) is 
cleaved in the presence of leaf protein extract. No cleavage or 
degradation was observed during 90 min of incubation at 
37°C in the presence or absence of leaf protein extract, indi- 
cating that neither autoproteotysis nor plant protease-mediated 
cleavage was involved in the generation of the lower molecu- 
lar mass form of harpin inside plant cells (Fig. 7A). We next 
examined whether the lower band may be a product of alter- 
native translation initiation. The ATG codon at position 16 
was changed to isoleucine by polymerase chain reaction 
(PCR) amplification with appropriately designed primers. The 
resulting construct {pll-llhrpZ-M161) was expressed in vitro 
with the TnT-coupled rabbit reticulocyte lysate system. As 
expected, full-length HrpZ^ was produced, whereas the 
lower band was not detected (Fig. 7B). This indicates that the 
generation of the lower band seen in the plant is probably a 
product of internal translation initiation in plant cells. 

DISCUSSION 

The TTSS of plant- pathogenic bacteria serve as conduits to 
deliver HR effector proteins to the proper destination in the 



plant host. Harpins remain the only type Ill-secreted proteins 
that are able to elicit HR when administered externally to 
plant tissues in purified form. The harpins described thus far 
in different phytopathogenic bacteria share several character- 
istics (Arlat et al. 1994; Bauer et al. 1995; He et al. 1993; Wei 
et al. 1992) that are also found in the HrpZ^ of P. syringae 
pv. phaseolicola NPS3121. It is glycine-rich, cysteine-] acking 
and heat stable. It also lacks a classical signal peptide and is 
secreted in culture media via the TTSS {our unpublished 
data). Hypotheses have been proposed to correlate the signifi- 
cance of these properties with the biological activity of 
harpins in the context of plant-bacterium interactions. One of 
the common characteristics of harpins is the lack of cysteine 
residues. It has been hypothesized that an unfolded state of 
harpins may facilitate their movement into the plant cell wall 
matrix rather than translocate through the Hip pathway. Sev- 
eral bacterial Avr proteins thought to travel the type III path- 
way are relatively large and cysteine-rich and appear to inter- 
act with intracellular receptors. Direct evidence that harpins 
interact with extracellular receptors, however, is rather lim- 
ited. 

Our results provide strong evidence that HrpZ Pi! p h is able to 
elicit necrosis when expressed in planta in sufficient quantity 
and in a form that can be secreted to the plant cell exterior. We 
employed two different approaches to express harpin in plant 
cells; stable transformation and transient expression through 
PVX infection and agroinfiltration. Stable transformants ex- 
pressing HrpZpjp], or SP-HrpZpsph did not show any necrotic 
spots after tetracycline treatment in hydroponic culture, yet 
HrpZpsph protein was detected in leaves of transformants at 
levels 10-fold higher than those produced by bacteria in situ in 
standard HR tests with limit dilution of the inoculum. Under 
these conditions, cardinal molecular events associated with 
HR such as induction of hsr203J transcripts were not de- 
tected. Furthermore, agrobacteria expressing either the secret- 
able or canonical form of harpin did not elicit HR following 
agroinftltratson in tobacco plants. 

Assuming that the expression level of HrpZ^K in stably 
transformed and agroinfiltrated leaves was not sufficient, we 
employed another approach based on potato virus X to in- 
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Fig. 6. Induction of hsr203J in Nicotians} bentlwnuana leaves infected 
with ¥VX202::SP-hrpZ^ h . Lane 1, Total RNA from leaves infected 
with Pseudomonas syringae pv. phaseolicola 6 h after injection. Lane 2, 
Healthy leaves, Lane 3, Systemically infected leaves with PVX 12 days 
after inoculation. Lane 4, Systemically infected leaves with PVX- 
202::SP-krpZj, v t, and analyzed by Northern blot analysis. Each lane 
contained 30 fig of total RNA. A, Blot was hybridized with an hsr203J 
cDNA probe. B, Equal loading was verified before blotting by visualiz- 
ing rRNA in a gel stained with ethidium bromide. 



Fig. 7, A, Incubation of in vitro-translated haipin^ with and without 
total protein extracts from leaves ot Nicottana bemhamiana. Lane 1, 
Input HrpZ Psjil . Lanes 2 and 3, HrpZ Pfli , incubated for 90 min at 37°C 
ts, respectively. B, In vitro expression of 
Alkjuots (5 ul) o;~ 



h and without plant e: 
wild-type HrpZ PEph and M1SI 



pz,Psph ai ... 
-e taken at 90 min and analyzed by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis followed by autoradiography. Lane 
1, input HtpZj,^. Lane 2, M1G1 mutant. FL = full length HrpZ Pspl „ and 
* = product of internal initiation. Translations of wild-type and mutant 
HrpZ Ps|:ll were performed in the TnT rabbit reticulocyte lysate system in 
the presence of [ 33 S]-methionine with 1 |lg each ofpll-llhrpZ and P T7- 
Vhrp2-Ml61 plasmids as templates. 
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crease the amount of harpin produced in the plant, The ca- 
nonical form of HrpZpspj, failed to elicit HR, even though the 
protein was biologically active and accumulated at levels that 
were judged to be sufficient on the basis of the amount of pure 
harpin able to induce HR in the standard leaf-injection assay. 
These results clearly show that HrpZ^ does not act inside 
the plant cells to signal HR. We can exclude the possibility 
that the lower molecular weight form of harpin detected in 
planta may interfere with full elicitor activity of the canonical 
protein. Published evidence (Alfano et al. 1996) shows that 
elicitor activity resides in multiple regions of HrpZ Ps! . Fur- 
thermore, our own data (unpublished) shows that removal of 
the first 150 residues from HrpZ PspSl did not alter its elicitor 
activity in tobacco leaf-injection assays. 

In contrast to the results of the canonical form of harpin, 
necrosis was observed when the secretable form of the protein 
was expressed via the PVX vector. The induction of hsr 203 'J 
confirmed that the necrosis was HR-specific. Additionally, 
detection of the transcript was not reproducible in our experi- 
ments, This could be explained by a combination of factors, 
including the asynchronous nature of the HR response elicited 
by PVX infection, the inability to predict the onset of trans- 
gene expression, and the temporal nature of hsr203J expres- 
sion (Pontier et al. 1994), It is worth noting that the induction 
of this gene occurs prior to the onset of tissue necrosis. Our 
results show that overexpression of HrpZftjt causes necrosis 
only when the protein is produced in sufficient quantity and 
secreted by the plant cells. This finding suggests that the pu- 
tative receptor of HrpZ^ is localized exfracellularly, either in 
the plant cell wall or on the plant cell membrane. The exis- 
tence of an extracellular receptor also has been suggested by 
the study of Hoyos et al. (1996), which proposed that harping 
may interact with a plant cell wall components) but not with 
the plasma membrane. The possibility that harpin may bind to 
the plasma membrane could not be discounted as a result of 
the technical limitations of the approach. For example, de- 
struction of or conformational changes in harpin-binding sites 
may occur during enzymatic protoplast isolation or competi- 
tion of cell wall peptides may be released by the enzymatic 
treatment with the harpin-binding sites. Our experimental 
approach yields results that are closer to the in vivo state be- 
cause the integrity and functional relations between plant cell 
wall and plasmalemma are not disturbed. Our findings are 
further corroborated by a recent study (Lee et al., unpublished 
data), which showed that HrpZpgph is stably integrated into 
artificial membranes and has pore-forming activity. 

The necrosis caused by harpin expression showed differ- 
ences compared with that caused by the expression of avrPto. 
The necrotic symptoms caused by harpin were milder and 
slower to appear compared with those caused by AvrPto. Sev- 
eral possibilities can be envisioned, such as that the secreted 
form of HrpZpspf, is expected after secretion to yield a 
polypeptide with an N terminus slightly different from that of 
the canonical harpin (substitution of four N-terminal amino 
acids of harpin with six different residues). The absence of the 
four canonical residues is unlikely to affect HR-elicitor activ- 
ity for reasons mentioned earlier. The possibility that the six 
new residues might render the protein intrinsically less active, 
however, cannot be totally discounted. Note that a significant 
portion of SP-HrpZpsp h remains intracellular and therefore 
unavailable for interaction with external binding sites. 



Whether the intracellular harpin can interfere with HR elicita- 
tion is an interesting but open question. Finally, it has been 
reported that HrpZ Pss and HrpN Ea induce systemic acquired 
resistance (SAR) in cucumber and arabidopsis, respectively 
(Dong et al. 1999; Strobel et al. 19%). It is possible that the 
mild nature of the necrotic symptoms seen in our work may be 
the result of an early induction of SAR by endogenously pro- 
duced HrpZpsphthat interferes with HR development. 

The main conclusions from this study are that HrpZ^j, ex- 
pressed endogenously in jV. benthamiana causes HR only 
when it is produced in a secretable form via the PVX vector 
and in a sufficient quantity. The protein evidently interacts 
with an externally exposed receptors), which may be located 
in the plasmalemma or the cell wall. The nature of this recep- 
tors) and the molecular mechanisms underlying harpin per- 
ception by the plant ceil remain to be elucidated. 

MATERIALS AND METHODS 

Plant material and bacterial strains. 

N. tabacum cv. W38 TetR + (Gatz et al. 1991), N. tabacum 
cv. Xanthi, and JV. benthamiana were grown under controlled 
greenhouse conditions. Infiltration of tobacco leaves with 
bacteria, purified harpin, or plant protein extracts was carried 
out as described (He et al. 1993). E. coli strains and A. lume- 
faciens C58C1 carrying the disarmed Ti plasmid pGV2260 
(Debiaere et al, 1985) were routinely grown on Luria-Berfani 
(LB) agar or broth at 37°C (Sambrook et al. 1989). P. syringae 
pv. phaseolicola (NPS3121) was grown in King's B broth at 
30°C (King et al. 1954). For in vitro expression of P. syringae 
pv. phaseolicola hrp genes, cultures were grown in hrp- 
inducing fructose minimal medium of Huynh et al. (1989) at 
30°C. Antibiotics were used at the following concentrations 
per milliliter: 100 fig of ampicillin, 100 ug of kanamycin, 
100 ug of carbenicillin, 50 ug of rifampicin, and 50 ug of 
hygromycin. 

Plasmid constructions. 

The plasmid constructs were made according to standard 
molecular biological procedures as described by Sambrook et 
al. (1989). 

pUC-A7-TX/SP. The coding region of the tobacco patho- 
genesis-related protein PRla signal peptide portion (Pfitzner 
et al. 1987) was isolated by PCR amplification from N. taba- 
cum cv, Xanthi genomic DNA. The primers (5'-GCCGCG- 
GGTACC A AGC TTTCC TATAGTC ATGGG- 3' and 5'-CTCT- 
GAGGGATCCTTGTTGAGAGTTTTGGGCACG-3') were 
designed to contain restriction sites (Kpnl and BamYB., under- 
lined) to facilitate cloning in the corresponding sites of the 
pTJC-A7-TX vector (Roder et al. 1994). A 50-ut PCR of reac- 
tion mixture containing 10 pinol of each primer; 1 ug of JV. 
tabacum genomic DNA; 10 mM KC1; 20 mM Tris-HCl, pH 
8.8; 10 mM (NPLOoSO,,; 2 mM MgS0 4 ; 0.1% Triton X-100; 
200 uM dNTPs; and 2 units of Deep Vent DNA polymerase 
(New England Biolabs Inc., Beverly, MA, U.S.A.) were sub- 
jected to 30 cycles of amplification (1 rain denaturation at 
94°C, 1 min annealing at 55°C, and 1 min extension at 72°C). 
The PCR product was digested with Kpnl and BamHI and 
cloned into £/j«I/BamHI-digested pUC-A7-TX. 

pUC-A7-TXJ7irpZ. The coding region of the hrp'L^ gene 
from P. syringae pv. phaseolicola NPS3121 (343 codons) was 
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obtained from the pT7-7 IhrpZ construct (Tampakaki et al. 
1997) after digestion with Ndel and EcoRV. The protruding 
ends were filled in with Klenow DNA polymerase, and the 
digested fragment was cloned into the Smol-digested pUC- 
A7-TX vector. The sequence of the hrpZ^ gene will be pub- 
lished separately. 

pUC-A7-TXSP-/irpZ. The construct pUC-A7-TX/SP was 
digested with BamHI, treated with mung bean nuclease to 
produce blunt ends, and digested withPsd. The coding region 
of the hrpZpspt, gene was obtained from pUC-A7-TX/7ir/>Z 
after digestion with Ddel (Klenow fill-in) and Psil. This 
fragment, which encoded the HrpZpspjj downstream from the 
fifth amino acid residue, was ligated to the above vector frag- 
ment. The resulting plasmid construct, ^UC-kl-JXJSP-hrpZ, 
encodes a translational fusion between the PRla signal se- 
quence and the hrpZ^ gene. The fused protein consists of 
375 residues. The peptide expected after removal of the signal 
peptide (345 residues) includes six amino acids (QNSQQV), 
which substitute for the first four residues of harpin (MQSL). 

pBIN-Hyg-TX/TirpZ. The hrpZp^ gene, together with the 
modified CaMV35S promoter and the ocs transcriptional ter- 
minator, were excised from pUC-A7-TX//irpZ as an EcoR- 
Hindlll fragment and inserted into the corresponding sites of 
the binary vector pBin-Hyg-TX (Gatz, personal communica- 
tion), conferring hygromycin resistance to transgenic plants. 

pBrN-Hyg-TX/SP-ZirpZ. As above, the chimeric gene SP- 
hrpZ was excised from pUC-A7-TX/SP-/ir/>Z as an EcoRl - 
Hindlll fragment and inserted into the binary vector pBIN- 
Hyg-TX, which was linearized with ^coRIZ/firadllL 

PVX202: :hr P Z. The fragment HpaVHin&lll (Klenow fill-in) 
from construct pUC-A7-TX//irpZ was cloned into the Nrul 
site of the viral expression vector PVX202 (Sablowski et al. 
1995). 

PVX202:;SP-hrpZ, The fragment Hinffll (Klenow fill-in) 
from the construct pUC-A7-TX/£P-foy;Z was cloned into the 
Nrul site of the viral expression vector PVX202. 

¥VX202:.avrPto. The coding region of the avrPlo gene was 
isolated by PCR amplification from the pDSK519/awPto 
plasmid. The primers 5'-TGTACTCGCGAGGGTATACGAA- 
TGGG-3' and S'-GCCTCGCGAGTCGACATTATGACGCC- 
3' were designed to contain the restriction site Nrul 
(underlined) to facilitate cloning in the Smal of pUCIS plas- 
mid, The avrPto was excised from pUC18/awPfo as an Nrul 
fragment and inserted into the Nrul site of PVX202 vector. 

pUC\Slhsr203J. A portion of the coding region (nucleotides 
1443 to 2041) of hsr20iJ corresponding to the published se- 
quence (accession X77136) was isolated by PCR amplifica- 
tion from the genomic DNA of N. tabacum cv. Xanthi using 
primers 5'-CGCGGATCCGGCTGGCTTAGAG-TTTTC-3' 
and 5'-TCCG GGATCC TCCGATAGGACCGCA-CG-3'. Both 
primers were designed to contain the BamHL restriction site 
(underlined) to facilitate cloning into the corresponding site of 
the pUC 18 plasmid. 

pT7-7/foy?Z-M16I, The plasmid pT7-7 'IhrpZ was used to 
mutagenize the methionine codon at position 16 (based on the 
hrpZj^h sequence, our unpublished data) to an isoleucine 
codon in accordance with the protocol described by Fisher and 
Pei (1997). The mutagenesis was performed by PCR amplifi- 
cation with the primers 5'- CG^rCG CGCTCGTTCTGAT- 
CCGTCC-3' (forward, mutagenic primer) and 5'-ACGGGCT- 
TTCGAGCGTGCTGCTG-3' (divergent, nonoverlapping pri- 



mer). The mutagenic primer contains the mutant codon for 
isoleucine (italics) and a PvhI restriction site (underlined). The 
mutation was confirmed b Pvul digestion and sequencing. 

Plant transformation. 

Healthy, well -expanded leaves from 6- week-old plants of /V. 
tabacum cv. W38 TetR" were used for Agrobacterium trans- 
formation by leaf disk method as described by Horsch et al. 
(1988). The binary plasmid constructs were introduced into 
Agrobacterium lumefaciens by tri parental conjugation (Rogers 
et al. 1988). Colonies were selected on LB medium with 1.5% 
Bacto agar, 50 ug of rifampicin per ml, 100 ug of carbenicillin 
per ml, and 100 ug of kanamycin per ml. The transconjugants 
were used to transform N. tabacum cv. W38 TefR + plants. 
Hygromycin-resistant transformants were grown in vitro on 
Murashige-Skoog media (Murashige and Skoog 1962) with 
appropriate hormone regimes for shoot and root formation and 
subsequently maintained in hydroponic culture under controlled 
conditions (25°C, 16-h photoperiod) or in pots in the greenhouse. 

Protein extraction and analysis. 

Leaves were immediately frozen in liquid nitrogen after 
collection and broken with a mortar and pestle. Total soluble 
protein was extracted in a buffer containing 200 mM Tris- 
HC1, pH 8; 1 mM EDTA; 5 mM DTT; 0.5 mM PMSF; 10 uM 
leupeptin; 10% glycerol; and 0.25% Triton X-100. Samples 
were incubated with shaking on ice for 30 min and centrifuged 
(14,000 rpm, 15 min, 4°C). The supernatants were then col- 
lected and kept at -20 V C in small ahquots. 

Immunoblot analysis. 

Accumulation of the hrpZ P < vh gene product was assayed in 
hygromycin-resistant, regenerated plantlets by quantitative 
immunoblottmg. Soluble leaf protein was extracted, separated 
on 12% sodium dodecyl sulfate (SDS>-polyacryl amide gels, 
and transferred to the nitrocellulose membrane by standard 
procedures, The membranes were blocked and incubated with 
an anti-HrpZpspi, antibody (1:20,000) and developed with an 
alkaline phosphatase-conjugated antibody with nitroblue tetra- 
zolium and 5-bromo-4-chloro-3-iodyI phosphate, in accor- 
dance with the supplier's instructions, To detect PVX coat 
protein accumulation, the membranes were incubated with an 
anti-PVX antibody (1:2,000 dilution) and developed as above. 

Plant nucleic acid extraction and analysis. 

Plant DNA was isolated with the method described by 
Rogers and Bendich (1988). Total RNA was isolated from 
tobacco leaf tissues with Tri Reagent (Sigma-Aldrich Corp,, 
St. Louis, MO, U.S. A,), Leaves were frozen in liquid nitrogen 
immediately after harvesting and kept at -80°C for further 
extraction. Thirty micrograms of total RNA from each sample 
was loaded on a denaturing 1.2% formaldehyde-agarose gel, 
separated by electrophoresis, and transferred onto a nylon 
filter (Hybond-N, Amersham, Arlington Heights, IL, U.S.A.). 
Following UV cross-linking, the filters were prehybridized for 
2 h at 65°C in 0.5 M phosphate buffer, pH 7.2, containing 7% 
SDS, 1% bovine serum albumen, and 1 mM EDTA (Church 
and Gilbert 1984). The filters were hybridized in the same 
buffer with cDNA and labeled with 32 P-dATP and 32 P-dCTP 
by random priming procedure (Sam brook et al. 1989). The 
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membranes were washed in 0.4 M phosphate buffer, pH 7,2, 
containing 5% SDS and 1 mM EDTA at 65°C. 

Tetracycline induction. 

Transgene induction in N. tabacum cv. W38 TetR + primary 
transformants (T 0 ) or T ( progeny was accomplished by sup- 
plying tetracycline at a concentration of 1 mg per liter, either 
by vacuum infiltration of detached leaves or in hydroponic 
culture in Hoagland buffer as described by Gatz et al. (1991), 

PVX-inoculations. 

Four- week-old jV. benthamiana plants were inoculated with 
the viral expression vector PVX202, PVX202::Arp^ PBph , or 
PVX202::SP-Ar j pZ Psph by gently rubbing leaves dusted with 
Carborundum, as described by Sabiowski et al. (1995). Two 
leaves of each plant were inoculated with 5 to 10 ug of 
Qiagen-purified (Chatsworth, CA, U.S.A.) DNA dissolved in 
30 ul of 50 mM sodium phosphate buffer, pH 7. Two weeks 
later, young, systemicatly infected leaves were harvested and 
immediately homogenized in the same buffer or stored at 
-80X for protein and RNA extraction and plant inoculations. 

In vitro transcription and translation. 

Wild-type HrpZ and the mutant M16I were expressed from 
the pT7-7 templates by the TnT T7 rabbit reticulocyte lysate- 
coupled transcription-translation system (Promega, Madison, 
WI, U.S.A.) in the presence of [ 3S S] methionine (final con- 
centration, 1 mCi/ml) (Amersham), in accordance with the 
manufacturer's instructions. Reactions were incubated at 30°C 
for 90 min. Aliquots of the reactions (5 ul) were run on f2% 
SDS -poly aery lamtde gels, which were dried and analyzed 
with autoradiography. 
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DECLARATION OF ZHONG-MIN WEI UNDER 37 C.F.R. § 1.132 



I, ZHONG-MIN WEI, pursuant of 37 C.F.R. § 1.132, declare: 

1 . I received a B.S. depee in Biology from Zhejiang University, 
Zhejiang, China in 1982, an M.S. degree in Plant Pathology from Nanjing Agricultural 
University, Nanjing, China in 1984, and a Ph.D. degree in Molecular Biology from Nanjing 
Agricultural University and Academy of Science, Shanghai, China in 1987. 

2. I am currently employed as Chief Scientific Officer and Vice 
President of Research and Development at EDEN Bioscience Corporation in Bothell, 
Washington. 

3. 1 am an inventor of the above-identified application. 

4. I am presenting this declaration to show that hypersensitive response 
elicitors from a diverse range of plant pathogenic bacteria (1) are an art-recognized class of 
proteins where results achieved with one such protein would be expected when other proteins 
in this class are used and (2) share the unique ability to cause distinct plant responses. 
Specifically, treatment of a variety of plants and plant seeds with hypersensitive response 
elicitors was shown to induce plant disease resistance as compared with plants and plant 
seeds not treated with a hypersensitive response elicitor; and transgenic expression of 
hypersensitive response elicitors in transgenic plants was shown to induce plant disease 
resistance as compared to null transfected plants or wild-type plants. 



5. In plants, the hypersensitive response phenomenon results from an 
incompatible interaction between plant pathogens and non-host plants. As explained in 
Gopalan et al., "Bacterial Genes Involved in the Elicitation of Hypersensitive R-esponse and 
Pathogenesis," Plant Disease 80: 604-10 (1996) ("Gopalan") (attached hereto as Exhibit 1), 
these types of interactions involve, for example, a bacterial plant pathogen attempting to 
infect a host plant, and the host plant preventing proliferation of the pathogen by the collapse 
and death, or necrosis, of plant leaf cells at the site of infection. This is distinct from a 
compatible interaction between a bacterial plant pathogen and a host plant in which the 
bacteria is capable of prol iferation, resulting in the spread of the pathogen throughout the 
plant and the manifestation of disease symptoms. Id. at 604. 

6. Hypersensitive response elicitors within a given ^enus are often 
homologous to elicitors from different pathogenic species and strains of the same genus. For 
example, homologs of hypersensitive response elicitors from Erwinia amylovora and 
Pseudomonas syringae have been identified in different bacteria species and strains from the 
genera Erwinia and Pseudomonas, respectively. See Gopalan. 

7. In addition, numerous reported studies confirm that a gene encoding a 

hypersensitive response elicitor from a particular source genus can be used to isolate a 

corresponding hypersensitive response elicitor gene from different species and strains of that 

same genus. For example, in Bauer et al., "Erwinia chrysanthemi HarpinEch: An Elicitor of 

the Hypersensitive Response that Contributes to Soft-Rot Pathogenesis," MPMI 8(4): 484-91 

(1995) ("Bauer") (attached hereto as Exhibit 2), the Erwinia amylovora hypersensitive 

response elicitor encoding gene was used as a probe to isolate, clone, and sequence the gene 

encoding the Erwinia chrysanthemi hypersensitive response elicitor, as follows: 

The cosmids were probed in colony blots with a 1 .3-kb Hindlll 
fragment from pCPP1084, which contains the E. amylovora 
hrpN gene (Wei et al. [, "Harpin Elicitor of the Hypersensitive 
Response Produced by the Plant Pathogen Erwinia amylovora" 
Science 257:85-88 (]1992[)]). pCPP2157, one of the three 
cosmids hybridizing with the probe, was digested with several 
restriction enzymes, and the location of the hrpN$eh gene in 
those fragments was determined by probing a Southern blot 
with E. amylovora Hindlll fragment. Two fragments, each 
containing the entire hrpNEch gene, were subcloned into 
different vectors: pCPP21 42 contained an 8.3-kb Sail fragment 
in pUCl 1 9 (Vieira and Messing [/'Production of Single- 
Stranded Plasmid DNA," Methods Enzvmol.. 153:3-1 1<] 
1987[)]), and pCPP2141 contained a 3.1 -kb Pstl fragment in 
pBluescript II SK(-) (Stratagene, La Jolla, CA). 
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Sequence of hrpNEch 

The nucleotide sequence of a 2.4-kb region of pCPP2141 
encompassing hrpN^h was determined. The portion of that 
sequence extending from the putative ribosome-binding site 
through the hrpN Ec h coding sequence to a putative rho- 
independent terminator is presented in Figure 1 . 



RsmA" Mutants of Erwinia carotovora subsp. carotovora Strain Ecc71 Overexpress hrpH^ 
and Elicit a Hypersensitive Reaction-like Response in Tobacco Leaves," MPMJ 9(7): 565-73 
(1996) ("Cui") (attached hereto as Exhibit 3) demonstrates that the gene encoding the 
Erwinia carotovora hypersensitive response elicitor can be isolated, sequenced, and cloned 
by using the Erwinia chrysanthemi hypersensitive response elicitor encoding gene to probe 
the genomic library of Erwinia carotovora. Further, Cui (at page 572) states the following: 



The genomic library of E. carotovora subsp. carotovora strain 
Ecc71 in pLARFS was screened by in situ colony hybridization 
with a 0.75-kb internal Clal fragment of hrpN of E. 
chrysanthemi (Bauer et al.[, "Erwinia chrysanthemi HarpinEch: 
An Elicitor of the Hypersensitive Response that Contributes to 
Soft-Rot Pathogenesis," MPMI 8(4): 484-91 Q1995). Two 
cosmids, pAKC921 and pAKC922, that hybridized with the 
probe were isolated. The subclones (pAKC923 and pAKC924, 
Table 1 ) carrying hrpN DNA were used for sequence analysis. 

9 . The gene encoding the hypersensitive response elicitor of Erwinia 



amylovora has also been used as a probe to isolate and clone the gene encoding the 
hypersensitive response elicitor of Erwinia stewartiL It was found that antibodies raised 
against the hypersensitive response elicitor of Erwinia stewartii cross-reacted with the 
hypersensitive response elicitor of Erwinia amylovora. See Ahmad et al., "Harpin Is Not 
Necessary for the Pathogenicity of Maize," 8th Int 7 Cong. Molec. Plant Microbe Inter. July 
14-19, 1996 ("Ahmad") (attached hereto as Exhibit 4). 

1 0. The genes encoding the HrpN hypersensitive response elicitor from 
several strains of Erwinia pyrifolia have since been -cloned. As reported in Jock et al., 
"Molecular Differentiation of Erwinia amylovora Strains from North America and of Two 
Asian Pear Pathogens by Analyses of PFGE Patterns and hrpN genes," Environ. Microbiol. 
6(5): 480-490 (2004) ("Jock") (attached hereto as Exhibit s), the hrpN genes were amplified 
with PCR consensus primers that were deduced by comparison of the known nucleotide 



See page 485. 



8. 



In the same manner as described in Bauer supra, Cui et al., "The 
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sequences of Erwinia amylovora hrpN and Erwinia stewartii hrpN. Indeed, Jock {at page 
489) recites the following: 

Erwinia pyrifoliae and the Erwinia strains from Japan were 
considered to be sufficiently related to E. amylovora to amplify 
their genes with the Erwinia PCR consensus primers given 
above. This was indeed possible and allowed cloning and 
sequencing of their hrpN UNA fragments 

1 1 . Similar findings were reported for hypersensitive response elicitors 
from the genus Pseudomonas. An internal fragment of the hypersensitive response elicitor 
from Pseudomonas syringae pv, syringae (i.e., hrpZ} was used to identify and isolate the 
hypersensitive response elicitors from P. syringae pv . glycinea and P. syringae pv. tomato. 
Significant amino acid sequence similarities were identified between the various 
Pseudomonas syringae elicitors. See Preston et al., "The HrpZ Proteins of Pseudomonas 
syringae pvs. syringae, glycinea, and tomato Are Encoded by an Operon Containing Yersinia 
ysc Homologs and Elicit the Hypersensitive Response in Tomato But Not Soybean," MPMI 
8(5): 717-32 (1995) ("Preston") (attached hereto as Exhibit 6). 

12. The genes encoding hypersensitive response elicitors are positioned 
within the hrp gene cluster or proximate to the hrp gene cluster in hrp regulons. f m 
example, hrpN from Erwinia amylovora was located within the hrp gene cluster, as was hrpZ 
from Pseudomonas syringae. The popA gene, encoding a hypersensitive response elicitor 
from Pseudomonas solanacearum, was located on the left flank of the hrp gene cluster within 
a hrp regulon. See Bonas, "hrp Genes of Phytopathogneic Bacteria," Current Topics in 
Microbiology and Immunology 192: 79-98 (1994) ("Bonas I") (attached hereto as Exhibit 7) 
and Alfano et al., "The Type III (Hrp) Secretion Pathway of Plant Pathogenic Bacteria: 
Trafficking Harpins, Avr Proteins, and Death," Journal of Bacteriology 179: 5655-5662 
(1997) ("Alfano") (attached hereto as Exhibit 8). Similar to the popA gene, hreX, the gene 
encoding the hypersensitive response elicitor from Xanthomonascampestris, was located on 
the left flank of the hrp gene cluster. See Swanson et al., "Isolation of the hreXGene 
Encoding the HR Elicitor Harpin (Xcp) from Xanthomonas campestris pv. pelargonii" 
Phytopathology 90: s75 (1999) ("Swanson") (attached hereto as Exhibit 9). 

1 3 . The characteristics that distinguish hypersensitive response elicitors as 
a distinct class of molecules are clearly apparent when considering the different elicitors' 
secretion mechanisms, regulation, biochemical characteristics, and biological activities. 
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1 4. Substantially all hypersensitive response elicitors identified have been 
shown to be secreted through the type III, hrp dependent secretion pathway. The type HI 
secretion pathway is a highly conserved and unique mechanism for the delivery of 
pathogenicity related molecules in gram-negative bacteria. The hrp gene cluster is largely 
composed of components of the type III secretion system. See Bogdanove et al., "Unified 
Nomenclature for Broadly Conserved hrp Genes of Phytopathogenic Bacteria," Molec. 
Microbiol 20:681-83 (1996) (attached hereto as Exhibit 10); and Alfano. 

1 5. Regulation of the genes encoding the hrp gene cluster, and 
subsequently the genes encoding the components of the type HI secretion system and 
hypersensitive response elicitors, is controlled by environmental factors. Specifically, 
transcriptional expression of these genes is induced under conditions that mimic the plant 
apoplast, such as low concentrations of carbon and nitrogen, low temperature, and low pH. 
See Wei et al., "Regulation of hrp Genes and Type III Protein Secretion in Erwinia 
amylovora by HrpX/HrpY, a Novel Two-Component System, and HrpS," MPMI 1 3(1 1 ): 
1251-1262 (2000) ("Wei I") (attached hereto as Exhibit 11); and Bonas I. 

16. Biochemically, hypersensitive response elicitors have a number of 
common characteristics. These include being glycine rich, heat stable, hydrophilie, lacking 
of an N-terminal signal sequence, and susceptible to proteolysis. See Bonas, "Bacterial 
Home Goal by Harpins," Trends Microbiol 2: 1-2 (1994) (attached hereto as Exhibit 12); 
Bonas I; Gopalan; and Alfano. 

17. In addition, hypersensitive response .elicitors share a unique secondary 
structure that has been associated with these elicitors' distinct biological activities (described 
below). The structure has two primary components, an alpha helix unit and a relaxed acidic 
unit having a sheet or random turn structure. In the absence of one or both of these 
components, hypersensitive response elicitation does not occur. See WO 01/98501 to Fan et 
al. (attached hereto as Exhibit 13). 

1 8. In addition to eliciting the hypersensitive response in a broad range of 
plant species, as explained by Wei et al., "Harpin from Erwinia amylovora Induced Plant 
Resistance," ,4 eta Horticulture 41 1 : 223-225 (1996) ("Wei II")<attached hereto as Exhibit 
14) and by Alfano, hypersensitive response elicitors also share the ability to induce specific 
plant responses. The induction of plant disease resistance, plant growth enhancement, and 
plant stress resistance are three plant responses that result from treatment of plants or plant 
seeds with a hypersensitive response elicitor from a gram-negative plant pathogen. 
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1 9. As described in Wei II, treatment of plants with the hypersensitive 
response elicitor HrpN from Erwinia amylovora resulted in disease resistance to a broad 
range of plant pathogens. For example, HrpN induced disease resistance to southern bacterial 
wilt {Pseudomonas solanacearum) in tomato, tobacco mosaic virus in tobacco, and bacterial 
leaf spot (Gliocladium cucurbitae) in cucumber. 

20. The hypersensitive response elicitor HrpZ from Pseudomonas 
syringae was reported to induce disease resistance in cucumber to a diverse range of 
pathogens, including the fungal disease Colletotrichum lagenarium, tobacco necrosis virus, 
and bacterial angular leaf spot {Pseudomonas syringae pv. lachrymans). See Strobel et al., 
"Induction of Systemic Acquired Resistance in Cucumber by Pseudomonas syringae pv. 
syringae 61 HrpZ Pss Protein," Plant Journal 9(4): 431-439 (1996) (attached hereto as Exhibit 
15). 

21 . The hypersensitive response elicitor HrpZ from Pseudomonas 
syringae was reported to induce disease resistance in transgenic tobacco to powdery mildew 
(Erysiphe cichoracearum), and in transgenic rice to rice blast fungus (Magneporthe grisea). 
See U.S. Patent Application Publ. No. 2004/0073970 to Takakura et al. (attached hereto as 
Exhibit 16) at Example 4. The HrpZ-expressing transgenes included transgenes with either a 
weak or a strong constitution promoter, an inducible promoter, or a tissue-specific promoter. 
Id. at Example 3. 

Hypersensitive Response Elicitors Induce Plant Disease Resistance 

22. As demonstrated by the following experimental evidence in paragraphs 
23 and 24 below, treatment of tomato and tobacco plants with the hypersensitive response 
elicitor HreX from Xanthomonas campestris pv. pelargonii induced disease resistance in the 
plants against bacterial wilt and tobacco mosaic virus. 

23. The induction of disease resistance in tomato against bacterial wilt 
(caused by the pathogenic bacterium Pseudomonas solanacearum K<so) was investigated as 
follows. Approximately 30 days after sowing, tomato plants were sprayed with either a 
dilution of HreX or 5 mM potassium phosphate buffer, pH 6.8 (the same buffer used to dilute 
the HreX solution). Six days after treatment, inoculation was performed by slicing the soil of 
the pot containing the tomato plant 4 times and applying 40 ml of solution containing 1 x 1 0 6 
colony forming units ("cfu") per ml of P. solanacearum K$o to the soil. Disease severity 
ratings were recorded at 7, 9, and 1 3 days after inoculation ("DAI"), as shown below in 
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Table 1 . As these results demonstrate, plants treated with HreX exhibited substantially more 
disease resistance than the buffer-treated control plants. 



Table 1. Pseudomonas solanacearum Disease Resistance from Treatment of 
Tomato with HreX. 



Treatment 
Groups" 


Disease Index 
(7 DAI) 


Disease Index 
(9 DAI) 


Disease Index 
(12 DAI) 


% Difference 
(12 DAI) 


HreX 


0.12 


0.22 


0.22 


38.89 


Buffer 


0.16 


0.3 


0.36 


na 



''Each group consisted of 1 pot containing 10 plants. 



24. Experiments examining the induction of systemic disease resistance in 
tobacco from treatment with HreX were conducted as follows: Diluted HreX was sprayed on 
all but the bottom most full-sized leaf of six- to eight-week-old tobacco plants (Xanthi). The 
bottom most full-sized leaf was covered during spraying so as not to receive residual spray. 
Three days after the spray treatment, the unsprayed leaf and the leaf opposite it, were lightly 
dusted with diatomaceous earth. Thereafter, 20 ul of a 1.7 ug/ml solution of tobacco mosaic 
virus ("TMV") was applied to both leaves dusted with diatomaceous earth. The TMV was 
gently and evenly spread across the leaves. Approximately 5 minutes after inoculation, the 
plants were lightly rinsed to remove the diatomaceous earth. Three days after inoculation, the 
number of TMV lesions on the unsprayed and sprayed leaves for each plant was recorded, as 
shown below in Table 2, As these results demonstrate, plants treated with HreX exhibited 
substantially more disease resistance than the buffer-treated control plants. 



Table 2. Tobacco Mosaic Virus Resistance in Tobacco from Treatment with HreX. 



Treatment 
Groups ; 


Number of TMV Lesions on Leaf 


Treated leaves 


Untreated leaves 


Plant 
No. 1 


Plant 
No. 2 


Plant 
No. 3 


Avg. 

No. 


% 

Difference 


Plant 
No.l 


Plant 
No. 2 


Plant 

No. 3 , 


Avg. ' 
No. 


% 

Difference 


HreX 


5 


7 


8 


6.67a 


93.37 


41 


22 


20 


27.67a * 


76.49 


Buffer 
Control 


107 


99 


96 


100.67b 


na 


124 


106 


123 


117.67b 


na 



Transformation of Plants and Plant Seeds with a DNA Molecule Encoding a 
Hypersensitive Response Elicitor Protein 

25. In order to investigate whether transforming a plant or plant seed with 
a DNA molecule encoding a hypersensitive response elicitors results in specific plant 



• ... • 



responses, several transformation constructs containing the hrpN gene from Erwinia 
amylovora were generated, as described in paragraphs 26-27 below. 

26. A first hrpN transformation construct was assembled to include the 
open reading frame from of the hrpN gene inserted behind a nopaline synthase (NOS) 
promoter, designated NOSP in Figure 1 below, and immediately in front of a NOS 
terminator, designated NOST in Figure 1 below. The NOS promoter is considered a weak 
constitutive promoter and has been previously identified. See Konczet al„, "The Opine 
Synthase Genes Carried by Ti Plasmids Contain All Signals Necessary for Expression in 
Plants," EMBOJ. 2 (9): 15 97- 1603 (1983) (attached hereto as Exhibit 17). 

Figure 1. Schematic of NOSP/trpiV-NOST Transformation Construct. 

5' 3 ' 

1 NOSP hT hrpN NNOSTI 



27. A second hrpN transformation construct was assembled that differed 
from the construct described in paragraph 25 by the insertion of a tobacco prlb signal 
sequence, designated SS in Figure 2, between the NOS promoter and hrpN open reading 
frame. The prlb signal sequence has been previously identified. See Lund & Dunsmuir, "A 
Plant Signal Sequence Enhances the "Secretion of Bacterial ChiA in Transgenic Tobacco," 
Plant Mol Biol 18:47-53 (1992) (attached hereto as Exhibit 18). 

Schematic of NOSP-SS-ArpiV-NOST Transformation Construct. 

3' 

— i NOSP hrlsSr^ hrpN HNOSTI 



Figure 2. 
5' 



Experimental Evidence Showing Disease Resistance In hrpN Transgenic Plants 

28. As demonstrated by the following experimental evidence in paragraphs 
29-30 below, plants grown from seeds harvested from plants transformed with a DNA 
molecule encoding the hypersensitive response elicitor HrpN from Erwinia amylovora 
exhibited enhanced disease resistance. 
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29. Arabidopsis Col-0 was transformed with the transformation constructs 
described above. The constructs were transformed with standard procedures utilizing 
Agrobacterium transfection. Plants designated 58a8, 58a10, and 58a21 were transformed 
with the construct described in paragraph 26. Plants designated 60a9, 60al6, and 60al7 were 
transformed with the construct described in paragraph 27. High hrpN expression transgenic 
lines were selected by Northern analysis. The lines were confirmed to be homozygous by 
selection on kanamyein. Prior to initiation of the growth assays, the seeds of each transgenic 
line and the wild type Arabidopsis were sterilized and subjected to a vernalization treatment 
in which the seeds were placed at 4°C for approximately four days. AH plants were 
maintained in identical conditions: 16 hours daylight period, 23°C (day)/ 20°C (night), and 
50% humidity. Approximately four week after sowing, plants were infiltrated with 1 0 6 
cfu/ml of Pseudomonas syringae pv. tomato DC3000. Four to six days after inoculation, 
bacterial concentration were calculated by harvesting 1 cm 2 of infected leaf tissue, 
macerating the tissue in 10 mM MgCl, and dilution plating the cell/leaf suspension on King's 
B plates. Bacterial concentrations in wild type and transgenic lines are shown in "Figure 3 
below. The data in Figure 3 represents the average of three plants per line and six leaves per 
plant. Disease proliferation was approximately 70% lower in hrpN transgenic plant 
compared to non-transgenic wild type plants. 

Figure 3. Disease Resistance in hrpN Transgenic vs. Wild Type Arabidopsis 

12000000 ™ : : > 




58a8 58a10 58a21 wt 60a9 «0a16 60a17 

Line 



30. Tobacco (Xanthi NN) was transformed with the transformation 
constructs described above. The constructs were transformed with standard procedures 
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utilizing Agrobacterium transaction. Plants designated 58x2 were transformed with the 
construct described in paragraph 27. AH seeds and plants were maintained in identical 
conditions: 12 hours daylight period, 26 °C (day)/ 28°C (night), and 50% humidity. Plants 
were inoculated with TMV as follows. Four leaves per plant were lightly dusted with 
diatomaceous earth. 100 ui of a 0.42 ^g/ml solution of tobacco mosaic virus ("TMV") was 
applied to the each dusted leaf. The TMV was gently and evenly spread across the leaves. 
Approximately 5 minutes after inoculation, the plants were lightly rinsed to remove the 
diatomaceous earth. The number of TMV lesions on the treated leaves was recorded five 
days after inoculation and is shown in Figure 4 below. hrpN transgenic plants had 
approximately 35% fewer TMV lesions than non-transgenic plant. 




3 1 . Because disease resistance has been demonstrated for topical 
application of HrpN of Erwinia amylovora, HrpZ of Pseudomonas syringae, and HreX of 
Xanthomonas campestris {see supra at Uf 1 8-20 and 22-24), and transgenic expression of 
hrpN of Erwinia amylovora and hrpZ of Pseudomonas syringae (see supra at Hf 21 and 28- 
30), one of ordinary skill in the art would expect other members of this art-recognized class 
to likewise induce disease resistance in plants following topical application or transgenic 
expression thereof. 



32. I hereby declare that all statements made herein of my ow knowledge 



are true and that all statements made on information and belief are believed to be true; and 
further that these statements were made with the knowledge that willful false statements and 
the like so made are punishable by fine or imprisonment, or both, under section 1001 of Title 
1 8 of the United States Code, and that such willful false statements may jeopardize the 
validity of the application oi any patent issuing thereon. 
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